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Abstract

Current one-pot clustered regularly interspaced short palindromic repeats diagnostics are limited by the cis-cleavage activity of Cas nucleases,
which leads to amplicon degradation during amplification. Here, we report a streamlined strategy that overcomes this limitation. By integrating a
bipartite split-crRNA into Cas12a (SCas12a), we separate target recognition from PAM dependency and completely eliminate cis-cleavage while
preserving robust trans-cleavage. This strategy is broadly applicable for one-pot testing, compatible with recombinase polymerase amplification,
RT-RPA, and loop-mediated isothermal amplification, as well as multiple Cas12a orthologs, including As, Lb, and Ct Cas12a. Moreover, the
SCas12a accelerates one-pot testing with 100-1000-fold improved sensitivity and achieves > 10-fold reduction in time-to-signal, enabling detec-
tion of targets at attomolar levels within 30 min. Additionally, it provides single-base resolution with up to 91-fold selectivity. The system has
been successfully applied to detect HPV16, SARS-CoV-2, and TP53 SNPs in clinical samples. Together, we have developed a PAM-independent

and cis-cleavage-free one-pot Cas12a assay, which holds strong potential for point-of-care diagnostics.

Graphical abstract
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Introduction

Nucleic acid diagnostics are essential for controlling infec-
tious diseases, genetic screening, and environmental monitor-
ing. However, an ideal diagnostic platform must combine high
sensitivity and specificity with speed, simplicity, and low in-
frastructure needs [1, 2]. Although accurate, gold-standard
methods like polymerase chain reaction (PCR) and sequenc-
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ing are limited to centralized labs [3-5], a limitation that be-
came especially evident during the SARS-Cov-2 pandemic.
Isothermal nucleic acid amplification (INA), such as recombi-
nase polymerase amplification (RPA) [6] and loop-mediated
isothermal amplification (LAMP) [7], offers a promis-
ing alternative by eliminating the need for thermocycling,
thereby enabling cost-effective and portable diagnostic assays.
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However, sole isothermal amplification assays are often sub-
ject to nonspecific amplification, resulting in false-positive re-
sults [8, 9].

Over the past decade, clustered regularly interspaced short
palindromic repeats (CRISPR) technology, initially harnessed
for gene editing, has expanded into molecular diagnostics,
driven by the discovery of frans-cleavage activities in effector
proteins such as Cas12 [10], Cas13 [11], Cas12a2 [12], and
catalytically active Cas9 [13]. Among Cas enzymes, Cas12a
is the most widely used due to its ability to specifically de-
tect target nucleic acids and then nonspecifically cleave nearby
single-stranded DNA (ssDNA). Combining CRISPR/Cas sys-
tems with INA allows for highly sensitive nucleic acid de-
tection. However, early CRISPR-based diagnostic methods
such as DETECTR [10], HOLMES [14], and SHERLOCK
[11] involve a two-step procedure: nucleic acid amplifica-
tion followed by the addition of CRISPR reagents. This ap-
proach increases procedural complexity, prolongs testing time,
and heightens the risk of contamination due to nucleic acid
aerosols.

Recently, several one-pot INA/Cas12a assays have been de-
veloped, enabling simultaneous and highly efficient amplifi-
cation and CRISPR-mediated detection within a single reac-
tion tube [15-25]. However, a major challenge remains in
this field: the cis-cleavage activity of Casl2a can severely
interfere with isothermal amplification. Multiple strategies
have been investigated to overcome this issue. For example,
some studies have employed spatial segregation of reagents
[26-28], such as glycerol or sucrose, to create phase separa-
tion between amplification and detection solutions. Addition-
ally, light-responsive crRNA strategies have been innovatively
applied to control (i.e. activate or inhibit) Cas12a cleavage
activity [29-33]. Furthermore, targeting suboptimal PAM se-
quences with LbCas12a-crRNA can reduce its cis-cleavage ac-
tivity [34], thereby improving one-pot detection compared to
canonical PAM sequences. This method is promising due to its
simplicity and speed, although the limitation of PAM sequence
compatibility still needs to be addressed. In addition, Cheng
et al. [35] showed that sodium heparin can precisely regulate
Cas12a’s cis-cleavage activity by disrupting Cas12a-crRNA
binding, allowing the accumulation of isothermal amplifica-
tion products and generating strong fluorescence signals. De-
spite these advances, existing one-pot detection systems still
face limitations in terms of prolonged detection times and op-
erational complexity. Therefore, there is an urgent need to de-
velop a universally applicable one-pot detection method that
is both PAM-independent and free from cis-cleavage interfer-
ence.

Our group recently developed a Cas12a-based assay named
SCasl12a [36, 37], which integrates Cas12a with a split cr-
RNA to enable direct RNA detection. In this study, we re-
evaluated this system and unexpectedly found that it main-
tains robust trans-cleavage activity on double-stranded DNA
(dsDNA), even in the absence of canonical or reported sub-
optimal PAM sequences. In addition, the SCas12a system ex-
hibits negligible cis-cleavage activity upon recognizing dsDNA
targets. Based on these critical findings, we established a uni-
versal one-step CRISPR detection method in which isothermal
amplification and Cas12a-mediated detection occur simulta-
neously within a single reaction tube. Compared to the con-
ventional one-pot CRISPR diagnostics, this method acceler-
ates the reaction speed by at least tenfold and significantly
improves both sensitivity and reliability. Moreover, by utiliz-

ing a thermally stable Cas12a ortholog from Clostridium ther-
mobutyricum (CtCas12a), the method can be seamlessly inte-
grated with LAMP at 55°C, enabling one-pot detection of clin-
ical human papillomavirus 16 (HPV16) within 20 min. Addi-
tionally, it can be coupled with RT-RPA for highly sensitive
detection of RNA targets, such as SARS-CoV-2 RNA from
nasal swab specimens. Furthermore, the SCas12a assay ex-
hibits remarkable specificity for dsSDNA point mutations and
serves as a robust tool for single-nucleotide variant (SNV) de-
tection of human TP53 mutations in tissue samples from pa-
tients with oral cancer.

Together, we have established a straightforward strategy
for constructing Casl2a systems that are both PAM- and
cis-cleavage-independent, thereby unlocking the full potential
of one-pot CRISPR-based diagnostics and offering significant
advantages over other widely used tools for rapid molecular
detection.

Materials and methods

Ethical statement

In this study, human nasal swab specimens for SARS-CoV-
2 detection were collected and provided by the College of
Medicine and Health Science under a protocol approved by
the ethics committee at Wuhan Polytechnic University. Hu-
man vaginal swab samples for HPV16 detection were ob-
tained from the pharmacy department at Henan Cancer Hos-
pital, following an approved ethics protocol from Zhengzhou
University. Additionally, human oral cancer tissue samples
were collected from cancer patients and healthy controls at
the First Affiliated Hospital of Zhengzhou University, under
another ethics committee-approved protocol. All participants
provided written informed consent.

Materials

FAM-labeled ssDNA probes, DNA and RNA oligonu-
cleotides, and gene fragments were synthesized by Sangon
Biotech (Shanghai, China). The sequences of all the nucleic
acids are listed in Supplementary Table S1. Buffer preparation
reagents were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). NEB Buffer 2.1 was supplied by
New England Biolabs (Beijing, China). The RNA extraction
miRCURY LNA RT Kit was obtained from Qiagen. RT-RPA
and RPA kits were provided by Weifang Amp-Future Biotech
(Changzhou, China), and the LAMP kit was sourced from
New England Biolabs (Beijing, China). Proteinase K (Takara,
Dalian, China) was used for protein digestion. Ultrapure wa-
ter was used throughout all experiments, and all DNA/RNA
samples were dissolved in DEPC-treated water and stored at
—20°C.

Protein expression and purification

The gene fragments of AsCas12a, LbCas12a, and CtCas12a
were cloned into the 6 xHis-pET-28a(+) vector and used to
transform Escherichia coli BL21 (DE3). When the culture
reached an ODg of 0.8 at 37°C, protein expression was in-
duced by adding 0.5 mM isopropyl B-D-1-thiogalactoside,
followed by incubation at 18°C for 16 h. Cells were then
harvested by centrifugation. The target proteins were puri-
fied from the cell lysate using Ni-NTA resin and eluted with
a buffer containing 20 mM Tris-HCI, 500 mM NaCl, and
500 mM imidazole. The eluted protein was further purified by
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gel filtration (Superdex 200 Increase 10/300 GL) in a buffer
containing 20 mM Tris—-HCI and 200 mM NaCl (pH 7.5).
The final storage buffer consisted of 20 mM Tris-HCI (pH
7.5),250 mM NaCl, and 5% glycerol. Purified proteins were
concentrated using a 100 kDa MWCO filter, quantified by
Bradford assay, flash-frozen in liquid nitrogen, and stored
at —80°C.

Gel electrophoresis analysis of cis-cleavage activity
Initially, WT Cas12a and SCas12a RNPs were reconstituted
in reaction buffer by combining each Cas12a nuclease with its
corresponding full-length or split crRNA at a 1:2 molar ratio,
followed by a 20-min incubation at room temperature. A tar-
get dsDNA plasmid, P-HPV16, was constructed by inserting
a 20-bp HPV16 DNA fragment containing a PAM sequence
and another 20-bp fragment lacking a PAM sequence into the
pcDNA3.1(+) vector, yielding a plasmid of 5430 bp in total
length. The cleavage reaction was carried out in a 10 ul mix-
ture containing 1 pul of 10x NEB Buffer 2.1, 100 nM Cas12a,
200 nM crRNA (or 200 nM split RNA), and 10 nM HPV16
plasmid. The reaction was incubated at 37°C for 30 min and
then terminated by heating at 90°C for 10 min. Cleaved DNA
fragments were analyzed by 2% agarose gel electrophoresis.
The gel was then stained with GoldView and visualized under
a UV transilluminator for image capture.

qPCR analysis of cis-cleavage activity

First, wild type (WT) Cas12a and SCas12a were reconstituted
by incubating each nuclease with its cognate full-length or
split crRNA at a 1:2 molar ratio in reaction buffer for 20
min at room temperature. Three HPV16-derived dsDNA sub-
strates were generated by qPCR: one containing a canoni-
cal PAM (TTTG), one with a suboptimal PAM (TTTA), and
one lacking any PAM (PAM-free). These dsDNAs served as
cleavage substrates in subsequent assays. The qPCR reac-
tion mixture was then combined with the Cas12a cleavage
system—comprising 1 pl of 10x NEB Buffer 2.1, 100 nM
Cas12a RNP, 200 nM crRNA (or split crRNA), and 10 pM
dsDNA substrate—and analyzed in real time on a CFX96
Touch system (Bio-Rad, CA, USA). Control reactions con-
tained identical dsDNA concentrations but omitted Cas12a
RNP.

Fluorescence detection of trans-cleavage activity

The cleavage reactions were carried out in a final volume of
10 ul containing 1 ul of 10x NEB Buffer 2.1,250 nM Cas12a
enzyme, 500 nM crRNA (or 500 nM split RNA), 10 nM ds-
DNA with varying PAM sequences, and 1000 nM fluorescent
probes. The reactions were monitored at 37°C for AsCas12a
and LbCas12a, and at 55°C for CtCas12a using a CFX96
Touch real-time PCR system (Bio-Rad, CA, USA).

RPA and RT-RPA

One lyophilized RPA pellet was resuspended in 29.4 ul of
buffer A, 14.1 ul of nuclease-free water, 2 ul of 10 uM RPA
forward primer, and 2 ul of 10 uM RPA reverse primer to
prepare the RPA reaction mix, following the manufacturer’s
instructions (Weifang Amp-Future Biotech). For the RT-RPA
reaction, 0.9 uL of RNase H (50 U/uL stock; New England
Biolabs, NEB) and 0.45 uL of SuperScript IV reverse tran-
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scriptase (Thermo Fisher) were added to the RPA mixture. The
reaction was carried out at 37°C.

RPA- and RT-RPA-mediated one-pot testing using
AsCas12a

One-pot reactions were carried out in 20 pl reaction volumes
containing 100 nM AsCas12a RNP, 500 nM FQ ssDNA re-
porter, dsDNA substrate, and RPA or RT-RPA components.
The RNP complex, FQ ssDNA reporter (6 ul), and RPA mix-
ture (10 pl) were added to each reaction well, followed by the
addition of 2 ul of reaction buffer and dsDNA activator. Re-
actions were then monitored using a CFX96 Touch Real-Time
PCR System (Bio-Rad, CA, USA) at 37°C.

Gel electrophoresis analysis of the amplicons in the
one-pot RPA assay

The one-pot reaction (20 pl total) contained 100 nM As-
Cas12a RNP, 1 pM dsDNA substrate, and RPA compo-
nents. Ten microliters of pre-assembled RNP-RPA mixture
was added to each well, followed by reaction buffer and 2
ul of dsDNA activator. Reactions were incubated at 37°C
for 50 min. At designated time points, reactions were heat-
inactivated at 95°C and treated with proteinase K; products
were then resolved on a 2% TAE agarose gel. Gels were
stained with GoldView and imaged under UV transillumina-
tion.

LAMP-mediated one-pot testing using CtCas12a

The LAMP/SCas12a one-pot testing was conducted in a
25 ul reaction volume with 100 nM CtCas12a RNP, 500 nM
FQ ssDNA reporter, 1.4 mM of each ANTP, 8 mM MgSQy,
50mM taurine, 0.32U/ul Bst 2.0 WarmStart DNA poly-
merase, 1 x primer (0.2 uM F3/B3 primers, 0.4 uM Loop
F/Loop B primers, and 1.6 uM FIP/BIP primers). Additionally,
1 x reaction buffer composed of 20 mM Tris—HCI, 10 mM
(NH4),SO4, 2mM MgSOy4, and 0.1% Tween 20 was in-
cluded, along with 2 pul of substrates. Fluorescence values were
monitored using a CFX96 Touch Real-Time PCR System (Bio-
Rad, CA, USA) at 55°C for 60 min.

gPCR and RT-gPCR assay

For the detection of specific DNA targets, primers and a
qPCR detection kit were obtained from GenePharma (Suzhou,
China). Clinical samples (e.g. HPV16) were analyzed accord-
ing to the manufacturer’s protocol using a CFX96 Touch Real-
Time PCR System (Bio-Rad, CA, USA) with SYBR Green flu-
orescence. Thermal cycling was performed with an initial de-
naturation at 94°C for 3 min, followed by 40 cycles of de-
naturation at 94°C for 12 s and annealing/extension at 62°C
for 30 s. RNA target detection (e.g. SARS-CoV-2) was carried
out using an RT-qPCR detection kit under the same cycling
conditions.

Calculation of LOD and DF

The Limit of Detection (LOD) was determined by perform-
ing the trans-cleavage assay using varying concentrations of
RNA or DNA targets. The LOD value was calculated using
the formula 30/slope, where o denotes the standard deviation
of three blank measurements. The distinguishing factor (DF)
was calculated as: DF = (Fyt — Fywro)/(Fsnv — Fsnvo), where
Fsny and Fyr are the fluorescence signals generated by the

9z0z aunr g uo 1sanb Aq €061 758/29206ex6/9/¥G/elo14e/1eu/woo dno-ojwepeoe//:sdiy wolj papeojumoq


二愣子白罗北
高亮


4 Yin et al.

SNV and WT targets, respectively. Fyro and Fsnyo represent
the initial fluorescence signals generated by the SNV and WT
targets

Statistics and reproducibility

No statistical method was used to predetermine sample size.
All data were included in the analyses without exclusion. The
experiments were not randomized, and the investigators were
aware of the group allocations during the experiments and
outcome assessments.

Results

Construction of PAM-independent and cis-cleavage
free Cas12a systems

The conventional Cas12a system recognizes both the canon-
ical PAM (TTTV) and suboptimal PAMs such as NTTV and
TTTN [38], and shows significantly enhanced performance
in one-pot reactions when suboptimal PAMs are employed.
However, the use of suboptimal PAMs still imposes sequence
constraints and retains partial cis-cleavage activity, which can
interfere with isothermal amplification processes. Therefore,
an ideal Cas12a system for one-pot testing should be indepen-
dent of PAM requirements and free from cis-cleavage activity.

Recently, we developed the SCas12a assay (Fig. 1a), which
combines the Cas12a enzyme with a split crRNA composed
of scaffold and spacer RNA, enabling direct RNA detec-
tion without reverse transcription [36]. In this study, we re-
evaluated the SCas12a system’s capability for DNA detection.
First, we tested three Cas12a variants, including As, Lb, and
Ct Cas12a, and examined their cis-cleavage activity on a plas-
mid (Fig. 1b) with or without a canonical PAM. The “double-
band” pattern corresponds to supercoiled and linear forms of
the plasmid DNA, confirming that plasmids lacking a PAM
remained uncleaved. The “single-band” pattern represents ex-
clusively linear DNA, indicating complete cleavage of plas-
mids bearing a TTTG PAM. These observations were further
validated by qPCR (Supplementary Fig. S1). In this exper-
iment, dsDNA substrates—identical in crRNA-targeting se-
quence but differing in their PAM sequences—were incubated
with AsCas12a RNP complexes formed by WT or SCas12a.
Only SCas12a targeting PAM-free substrates yielded Ct val-
ues identical to the no-enzyme control, confirming complete
loss of cis-cleavage activity.

Next, using AsCas12a as an example, we compared the
trans-cleavage activity of the WT (Fig. 1c) and the SCas12a
(Fig. 1d) on dsDNA substrates containing the same 20-bp
targeting sequence, but varying in their PAM sequences or
the absence thereof. Consistent with previous reports, WT
Cas12a showed faster kinetics and stronger fluorescence sig-
nals with canonical (TTTG and TTTA) and three suboptimal
PAMs [34], whereas PAM-free substrates exhibited the low-
est trans-cleavage activity and kinetics. In contrast, SCas12a
unexpectedly exhibited substantially higher trans-cleavage ac-
tivity against PAM-lacking DNA targets, surpassing even that
observed with canonical and suboptimal PAMs in the WT
Cas12a system (Fig. 1e). Moreover, this behavior was con-
sistent across all tested Cas12a variants (Fig. 1f—g), indicat-
ing that the split-crRNA strategy is universally applicable for
PAM-independent and cis-cleavage-free DNA detection, lay-
ing the foundation for the one-pot CRISPR diagnostics de-
scribed in the following sections.

Design principle of the PAM-free DNA detection
method

To develop a one-pot CRISPR-based detection assay for trace
amounts of nucleic acid molecules, we aimed to establish its
design principles and determine the optimal reaction condi-
tions. Initially, we investigated the effects of target length and
the location of PAM-free sites on the detection efficiency of
the SCas12a system. Accordingly, a series of target DNA frag-
ments ranging from 40 to 200 bp, with PAM-free sites po-
sitioned at the head, middle, and tail regions (Fig. 2a), were
tested. The results demonstrate that the middle location de-
sign showed the slowest kinetics and could not be detected
when the length exceeded 120 bp (Fig. 2b). In contrast, the de-
signs with PAM-free sites at the head and tail exhibited faster
kinetics and stronger fluorescence signals. Notably, the head
location showed the best detection efficiency at 120 bp, which
is the optimal targeting length for INA. Furthermore, a paral-
lel comparison of the three models was conducted using an
identical 120 bp HPV18 DNA target (Fig. 2c¢), revealing that
the head design demonstrated the fastest reaction kinetics and
the highest fluorescence intensity. Accordingly, the design in-
corporating a PAM-lacking 120 bp DNA target was selected
for subsequent development of the one-pot assay, unless oth-
erwise stated.

Next, we evaluated the universality of SCas12a assay by
testing it against a variety of DNA targets (Fig. 2d). The re-
sults demonstrate that all five selected DNA sequences were
efficiently detected. Notably, targets with lower GC content,
especially at the 5'-end, showed enhanced detection efficiency.
These findings offer valuable insights for guiding the design
of subsequent one-pot detection experiments. Finally, using
the AlphaFold3 Server, we performed predictive structural
modeling to analyze the complex formed by Casl2a with
the SO scaffold and a spacer targeting dsDNA without a
PAM (Fig. 2f). The crystal structure of Casl2a in complex
with crRNA targeting PAM-containing dsDNA was analyzed
(Fig. 2e). The predicted structure of the SCas12a/DNA com-
plex reveals a conformation similar to that observed in the
WT Cas12a/DNA complex, enabling efficient access of ss-
DNA probes to the RuvC domain for trans-cleavage. Further-
more, the non-target strand (NTS) without a PAM sequence
extends outward, assisting in dsDNA unwinding. However,
longer DNA strands exhibit reduced unwinding efficiency
(Supplementary Fig. S2), making detection more challenging.
Collectively, these findings elucidate the structural basis for
PAM-free detection of DNA using the SCas12a system.

One-pot CRISPR detection by leveraging SCas12a
systems

In the conventional one-pot CRISPR assay utilizing Cas12a
and a canonical PAM (Fig. 3a), CRISPR-mediated detection
and isothermal amplification of substrates compete with each
other. The higher binding affinity conferred by the canoni-
cal PAM allows cis-cleavage to dominate over amplification,
leading to delayed or reduced amplicon generation. In con-
trast, adjusting the cleavage kinetics by employing a subopti-
mal PAM for Cas12a (Fig. 3b) can significantly enhance the
assay’s detection efficiency due to reduced cis-cleavage during
amplicon production. In this study, we hypothesized that ap-
plying the cis-cleavage-free SCas12a system (Fig. 3¢) to DNA
targets without PAMs would markedly improve the sensitiv-
ity, speed, and reproducibility of one-pot detection.
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Figure 1. SCas12a system enables PAM- and cis-cleavage-free detection of DNA. (a) Schematic illustration of the SCas12a assay for detecting RNA and
DNA targets. (b) Cis-cleavage of target dsDNA plasmids by As, Lb, and Ct Cas12a proteins, with or without a PAM sequence (TTTG). The reactions
contained 100 nM Cas12a, 200 nM split crRNA, and 10 nM target dsDNA plasmids containing HPV16 target sequences. (¢) Fluorescence-based
detection of WT Cas12a’s trans-cleavage activity in the presence of target dsDNA substrates containing canonical, suboptimal, or absent PAM
sequences, using a complete crRNA targeting the gene fragment of HPV16. The reactions contained 250 nM Cas12a, 500 nM crRNA, 10 nM target
dsDNA substrate, and 1000 nM FAM-labeled ssDNA fluorescence probes. (d) Fluorescence-based detection of SCas12a system'’s trans-cleavage activity
in the presence of target dsDNA substrates containing canonical, suboptimal, or absent PAM sequences, using a split crRNA targeting the gene
fragment of HPV16. The reactions contained 250 nM Cas12a, 500 nM crRNA, 10 nM target dsDNA substrate, and 1000 nM FAM-labeled ssDNA
fluorescence probes. (e) Heatmap representing a comparison of the trans-cleavage activity between the SCas12a and WT Cas12a systems on identical
DNA substrates with or without PAM sequences. (f) Detection of PAM-free dsDNA substrates by As, Lb, and Ct Cas12a proteins. The reaction mixtures
were incubated for 60 min at 37°C for AsCas12a and LbCas12a, and at 55°C for CtCas12a, and contained 250 nM Cas12a, 500 nM crRNA, 10 nM target
dsDNA substrate, and 1000 nM FAM-labeled ssDNA fluorescence probes. (g) Comparison of the maximum fluorescence values among As, Lb, and Ct
Cas12ain Fig. 1f. Mean + s.d. of n=3 technical replicates for panels (c—g). a.u., arbitrary units.
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Figure 2. Principle of PAM-free DNA detection using SCas12a. (a) Schematic illustration of SCas12a for detecting PAM-free DNA targets at various
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of the AsCas12a/split crRNA + DNA (without a PAM) predicted by AlphaFold3. Mean £ s.d. of n= 3 technical replicates for panels (b-d).

9z0z aunr g uo 1sanb Aq €061 758/29206ex6/9/¥G/elo14e/1eu/woo dno-ojwepeoe//:sdiy wolj papeojumoq



A cis-cleavage-free SCas12a for one-pot nucleic acid detection 7

a
. Positive
é One-pottesting . gx No BN v oot Outputsignal
s | 5
= Negative
Cas12a Canonical PAM Cleavage 111 Amplification T -
b
One-pot testing ) Positive
+ - MU DT YRR SRR Output signal 2
- f %
Nk Suboptimal PAM Cleavage 1 Amplification 1 i
c Time
Py
. oo
‘E One-pot testing 3‘,&:‘:;::% Output signal —
- L=
SCas12a No PAM Cleavage X Amplification TTT §
E Negative
Time
d e
RPA/SCas12a RPA/WT-Cas12a
6000~ L1 of HPV16 — 6000- L1 of HPV16
> 5000- > 5000-
s 1M 8 1M
> 4000+ / ~ 100aM 2 40007 ~ 100aM
‘® 3000 10 aM 2 3000- 10 aM
£ 20001 f"’f 1an 2 2000 / 1aM
- 0.1aM = 0.1aM
1000+ 1000- -
Y ,-*""./ -~ NTC Y et~ NTC
0 T T T T T T T T 1 o_l T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
f g
RPA/SCas12a RPA/WT-Cas12a
— 3500 Orf1ab of SARS-CoV-2 — 3500 Orf1ab of SARS-CoV-2
S 3000 S 3000
< 2500 iy < 2500 1223,'
£ 20001 - :‘;'\;M £ 2000 LR
c - <
§ 1500 I g 1500 100 aM
E 10001 - 10aM £ 1000 10 aM
g 50077 —~ NTC z 500 ST NG
0 T T T T T T T 1 O‘F
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
h i
LAMP/SCas12a LAMP/WT-Cas12a
6000 E of SARS-CoV-2 6000 E of SARS-CoV-2
=] =]
5’., 5000 1p 5.“; 5000 1p
2 4000 / -~ 1001M 2 4000 -~ 100 M
2 3000 ey 10 1M 2 3000 10 M
2 2000 s 1M £ 2000 1M
= -~ 100 aM = 100 aM
@ 10001 2 — NTC o 1900 — NTC
c T T T T T T T T 1 o_l T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)

Figure 3. SCas12a design enables faster and more sensitive one-pot testing than WT Cas12a. Schematic depiction of the isothermal amplification and
cleavage process in WT-Cas12a and SCas12a-mediated one-pot assays utilizing canonical PAM (a), suboptimal PAM (b), and no PAM (c), respectively. (d,
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To validate the hypothesis, we first employed the one-pot
RPA/SCas12a assay to detect the L1 gene of HPV16 (Fig. 3d)
and the Orflab gene of SARS-CoV-2 (Fig. 3f), respectively.
Meanwhile, WT-Cas12a targeting the identical DNAs but
containing the canonical PAM (TTTA) was tested for com-
parison (Fig. 3e and g). The results showed that, within the
first 10 min, the WT-Cas12a exhibited minimal fluorescence
signal production. In contrast, the SCas12a exhibited an im-
mediate increase in fluorescence, indicating no interference be-
tween RPA and Cas12a during the detection process. Conse-
quently, the RPA/SCas12a assay demonstrated a faster reac-
tion speed and generated significant fluorescence signals over a
broader range of target concentrations. This conclusion is fur-
ther supported by comparative analysis of amplicon profiles
generated in the one-pot CRISPR assay using WT Cas12a and
SCas12a. As shown in Supplementary Fig. S3, amplification
products in the WT Cas12a system exhibit negligible accumu-
lation within 15 min, which is consistent with efficient degra-
dation mediated by its robust cis-cleavage activity. In contrast,
the SCas12a system shows rapid and pronounced amplicon
accumulation beginning at 5 min post-reaction initiation—
confirming its lack of cis-cleavage activity.

The detection limits of the WT-Cas12a using the canoni-
cal PAM were 10 aM (~6.0 copies/pl) for L1 and 100 fM
(~6.02 x 10* copies/ul) for Orflab, respectively. In con-
trast, the detection limits achieved by the SCas12a were 0.1
aM (0.06 copies/pl) for L1 and 10 aM (~6.0 copies/ul)
for Orflab, representing a 100- to 1000-fold improvement in
sensitivity, along with a significantly enhanced signal-to-noise
ratio (Fig. 3d—g). Furthermore, the reliability of the SCas12a-
based assay with PAM-free recognition and the WT-Cas12a-
based assay with canonical PAM was evaluated by repeating
the experiments under identical conditions ten times, with two
replicates per run (Supplementary Fig. S4). The data demon-
strate that the fluorescence signals from the SCas12a group
were highly consistent across all replicates, whereas those
from the WT-Cas12a group exhibited more than a 10-fold
variation between replicates.

To broaden the application scope of the SCas12a assay, we
further assessed its performance in a LAMP-mediated one-pot
detection reaction using the thermostable CtCas12a at its op-
timal enzymatic temperature of 55°C. The E gene of SARS-
CoV-2 was selected as the target, and the results demonstrated
that the combination of LAMP with SCas12a exhibited sig-
nificantly accelerated reaction kinetics compared to that with
WT-Cas12a (Fig. 3h-i), achieving a 10-fold increase in sensi-
tivity. These findings suggest that SCas12a markedly reduced
interference with the LAMP process.

Detection of HPV16 in clinical samples using
RT-RPA/SCas12a

To validate the practical application of the one-pot testing
method, we first employed the RPA/SCas12a assay to de-
tect crude DNA extracted from 25 human vaginal secretion
samples (Fig. 4a), which had previously been analyzed for
HPV16 infection using qPCR (Supplementary Fig. S5). The
method accurately identified all 12 HPV16-positive individ-
uals among these clinical samples (Fig. 4b), demonstrating
100% sensitivity and 100% concordance with the qPCR re-
sults (Fig. 4¢). In contrast, the one-pot CRISPR assay employ-
ing the classical DETECTR [10] method with WT Cas12a
demonstrated a sensitivity of only 66.7%, detecting 8 out of

the 12 samples. In conclusion, these findings demonstrate that
SCas12a outperforms DETECTR in one-pot DNA detection
assays.

Detection of SARS-Cov-2 in clinical samples using
RT-RPA/SCas12a

To further verify the applicability of one-pot testing for
pathogen-induced infections, we assessed the performance of
RT-RPA/SCas12a using clinical specimens from individuals
infected with SARS-CoV-2. The complete testing workflow
is illustrated in Fig. 5a and requires ~40 min, comprising
5-10 min for viral inactivation and lysis by heating, followed
by a 30-min RT-RPA/SCas12a reaction. The E and Orflab
genes of SARS-CoV-2 were specifically detected (Fig. 5b) by
SCas12a and WT Cas12a, with the former demonstrating at
least a 10-fold higher detection efficiency. Subsequently, we
applied the RT-RPA/SCas12a assay (Fig. 5¢) to fifteen nasal
swab specimens collected from individuals confirmed to have
SARS-CoV-2 infection via clinical RT-qPCR analysis. These
samples exhibited Ct values ranging from 11.59 to 27.23
(Supplementary Fig. S6). All fifteen samples were correctly
identified as positive, showing a clear distinction in amplifi-
cation slopes compared to three negative control swabs, re-
sulting in a sensitivity of 100% (Fig. 5d). In contrast, the
RT-RPA/WT-Cas12a achieved a sensitivity of 80%, detect-
ing only 12 out of the 15 samples. Collectively, these findings
demonstrate that SCas12a outperforms WT-Cas12a in one-
pot diagnostics for RNA detection.

Single-nucleotide specificity of RPA/SCas12a for
human genotyping

We and other groups have demonstrated that the SCas12a
system exhibits significantly enhanced specificity for muta-
tions located in the PAM-distal regions of DNA targets
[36, 39, 40]. Compared to DNA with PAMs, the split cr-
RNA is expected to show reduced affinity toward PAM-
free DNA substrates, thereby amplifying the energetic penalty
for single-nucleotide mismatches through nonequilibrium
hybridization-driven regulation. Accordingly, we harnessed
the SCas12a to test fully complementary dsDNA targets with
single-nucleotide mismatches at positions 1-20 at a con-
centration of 1 nM (Fig. 6a). Compared to DNA subsrtate
with a PAM, an obviously enhanced specificity was observed
across positions 1 to 17, except for positions 10 and 19
(Fig. 6b). The highest DF for this assay was 91-fold, which
indicates excellent single-nucleotide specificity in dsDNA
detection.

The high single-nucleotide specificity makes SCas12a a
powerful tool for rapid human genotyping. In this study,
we validated the practical utility of the RPA/SCas12a assay
in detecting the cancer-associated TP53 (rs215029805) SNP
(A > T) [41] (Fig. 6¢). We benchmarked the one-pot detec-
tion assay against genotyping results obtained from Sanger
sequencing, which is the established gold standard for SNP
indentification. Specifically, we obtained nine tissue samples
from OSCC patients (seven WT and two A > T mutant sam-
ples) and applied the RPA/SCas12a system for SNP detection.
The results showed a statistically significant difference in sig-
nal intensity between the WT and mutant samples (Fig. 6e). To
further validate the reliability of the method, we introduced
mutant-specific spacers for reverse confirmation of the mu-
tant samples. These results demonstrated 100% concordance
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with Sanger sequencing data (Supplementary Fig. S7). The
entire one-pot detection process could be completed within
30 min, which is substantially faster than SHERLOCK!
(>2 h). Moreover, we established a standard for discriminat-
ing WT (DF > 4) and mutant type (DF < 0.25) using DF val-
ues.

Discussion

The current global demand for rapid, ultrasensitive, and
instrument-free nucleic acid diagnostics has revealed a fun-
damental challenge: the very nuclease activity that grants
CRISPR systems their remarkable specificity can inter-
fere with the isothermal amplification that provides their
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Figure 6. RPA/SCas12a assay can discriminate SNPs in human genotyping. (a) Specificity of SCas12a toward single point mutations in a dsDNA target
without a PAM. Spacer RNA activators were designed with point mutations spanning the entire pairing region of an HPV16-derived DNA target. The
mutation position is indicated by “M,"” where the base has been substituted with its complementary deoxynucleotide. (b) Comparison of fluorescence
changes for the trans-cleavage activity of SCas12a between DNA substrates with and without a PAM. (¢) Circos plot illustrating the genomic locations of
human TP53 (rs2151029805) SNPs detected using the one-pot testing method. (d) Schematic illustration of RPA/SCas12a assay for human genotyping.
(e) Detection of nine different oral squamous cell corcinoma (OSCC) individuals at the TP53 SNP site (A > T mutation) in the human genome using the
RPA/SCas12a assay with spacer RNAs containing a single mismatch. The DF values were calculated. (f) Identification of TP53 SNPs in nine clinical
samples by one-pot testing. Data are represented as the mean value + standard deviation of three technical replicates.

target substrate. This “cis-cleavage paradox” has necessitated
trade-offs between speed, sensitivity, and simplicity in one-
pot assays. Although recent elegant one-pot CRISPR stud-
ies have mitigated cis-cleavage through suboptimal PAMs
[34], small-molecule inhibitors such as heparin [35], or light-
gated crRNAs [29-33], these strategies still allow residual
collateral damage, as the nuclease remains inherently capa-
ble of cleaving DNA. Here, we resolve this paradox by re-
engineering the surveillance complex rather than merely sup-
pressing its activity. The SCas12a architecture, which fea-
tures a split crRNA that renders Cas12a PAM-independent
and cis-cleavage-free, transforms the reaction into a single-
turnover burst, effectively decoupling signal generation from
target degradation. The result is a 100- to 1000-fold improve-
ment in sensitivity and a >10-fold reduction in time-to-signal
compared to canonical Cas12a (Fig. 3d-i), while eliminating
the stochastic variability that has hindered previous one-pot
CRISPR platforms. A comprehensive comparison with exist-
ing one-pot CRISPR-based detection systems is provided in
Supplementary Table S2.

Structural analysis indicates that the Cas12a enzyme en-
gages in frans-cleavage of the reporter only after stable R-loop
formation in the SCas12a system (Fig. 2f). We also demon-
strate that the split crRNA lowers the activation energy for
trans-cleavage while increasing it for cis-cleavage, effectively
creating a molecular diode that enables signal amplification

without target degradation in one-pot reactions. Growing ev-
idence indicates that Casl12a’s trans-cleavage activity can be
uncoupled from its cis-cleavage activity. Specifically, binding
of the Cas12a RNP to the target strand of dsDNA is sufficient
to trigger robust frans-cleavage—even without cis-cleavage—
provided the target strand is accessible. Binding affinity and
trans-cleavage magnitude correlate positively. When the ds-
DNA target contains a canonical PAM, Cas12a RNP exhibits
intrinsic helicase-like activity, enabling efficient unwinding
and stable R-loop formation; this permits full spacer RNA hy-
bridization with the complementary ssDNA strand and yields
strong, length-independent #rans-cleavage. In contrast, in the
absence of a canonical PAM, as in SCasl2a-mediated tar-
geting, the RNP lacks helicase activity. Spacer RNA binding
then proceeds via strand invasion into intact dsDNA, a pro-
cess highly sensitive to duplex stability and geometry. Conse-
quently, long dsDNA substrates (>120 bp) resist strand dis-
placement due to structural rigidity, resulting in markedly at-
tenuated #rans-cleavage; only shorter dsDNA (<120 bp) per-
mits efficient invasion and thus supports measurable, length-
dependent #rans-cleavage activity.

Furthermore, we identify two key determinants of tar-
get detection efficiency in the SCasl2a system: (i) spacer
RNA secondary structure and (ii) target DNA GC content.
First, NUPACK-based structural simulations of spacer se-
quences reveal heterogeneous folding landscapes—increasing
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structural complexity (e.g. stable hairpins or pseudoknots) im-
pedes Cas12a RNP binding, thereby reducing activation kinet-
ics and downstream trans-cleavage—driven fluorescence signal.
Second, higher GC content in the target dsDNA correlates
strongly with diminished detection sensitivity. This is mecha-
nistically attributable to the absence of intrinsic helicase ac-
tivity in SCas12a: target recognition relies on direct strand
invasion by the spacer RNA into intact dsDNA, a process
thermodynamically disfavored by high-GC duplex stability.
Consequently, to maximize assay performance, spacer design
should prioritize low structural propensity, and target selec-
tion should avoid GC-rich regions (>60%).

The universality of SCas12a desgin is supported by its suc-
cessful application across three Cas12a orthologs (As, Lb, and
Ct) and multiple isothermal amplification approaches (RPA,
LAMP, and RT-RPA). Additionally, the RPA/SCas12a assay
achieves single-base resolution at nearly all tested detection
sites (Fig. 6a and b). At last, we successfully applied the one-
pot CRISPR diagnostics to detect HPV16 (Fig. 4b and c¢),
SARS-CoV-2 (Fig. 5b—d), and TP53 SNPs (Fig. 6e and f) in
clinical samples.

In summary, we develop a PAM-independent and cis-
cleavage-free SCas12a system for rapid one-pot nucleic acid
detection. This system offers superior speed, sensitivity, and
specificity compared to existing one-pot CRISPR diagnos-
tics. Looking forward, the split-crRNA strategy utilized in
this study is not limited to the Casl2a family. Prelimi-
nary data suggest that an analogous architecture can be
grafted onto thermostable Cas12b [42] and LbuCas13a [43],
paving the way for a unified, orthogonal CRISPR toolbox
in which each effector interrogates a distinct nucleic acid
class within a single, closed tube. We therefore anticipate
that SCas12a will function as a universal molecular scaf-
fold for decentralized diagnostics, accelerating infectious dis-
ease surveillance, enabling precision oncology at the bed-
side, and democratizing environmental pathogen monitoring
with the operational simplicity required for true point-of-care
deployment.
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