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Single-Molecule Analysis of CRISPR-Cas12a

Cas12a activity

Cas12a, an RNA-guided nuclease that targets DNA, has been widely applied for L
DNA detection; however, its detailed enzymatic properties have not been fully — S
elucidated. Here, we performed a systematic single-molecule analysis of Cas12a  ©*'22 f_ - % _¥J
using microchamber arrays to biophysically characterize its catalytic behavior targot DNA ~— 8 _7J
including protospacer adjacent motif (PAM) specificity, mismatch tolerance, o L] J
and reaction kinetics and to evaluate the feasibility and inherent challenges of ~ FQrep. microchamber array time

amplification-free DNA detection. Cas12a exhibited high activation efficiency

toward target DNA, demonstrating the feasibility of amplification-free DNA detection with a detection limit of 104 aM within 15
min. However, Cas12a also exhibited substantial nonspecific cross-reactivity with genome-length targets, particularly mammalian
genomic DNA, identifying off-target activation as a major challenge for reliable diagnostic application. Together, these findings
provide a quantitative biophysical characterization of Casl2a-based amplification-free DNA detection and highlight the need to

improve its target specificity for future reliable application of Casl2a in amplification-free molecular diagnostics.

B INTRODUCTION

The recent pandemic of viral infections has highlighted the
urgent need for rapid, accurate, and accessible genetic testing
technologies.”> Conventional genetic assays such as PCR
provide high sensitivity and specificity but require time-
consuming amplification steps and sophisticated instrumenta-
tion, limiting their suitability for point-of-care applications. In
contrast, antigen tests enable faster and simpler screening but
often lack sufficient analytical performance for definitive
diagnosis.

CRISPR—Cas systems have recently emerged as a powerful
alternative platform for molecular diagnostics.”~” These RNA-
guided nucleases, derived from the bacterial adaptive immune
system, recognize and cleave target nucleic acids. Among them,
Cas12 and Cas13 have been utilized for nucleic acid detection
through their programmable target recognition and collateral
cleavage (trans-cleavage), producing fluorescence signals in
response to specific nucleic acid sequences.”® When combined
with amplification reactions such as PCR, CRISPR-based
assays can detect nucleic acids within approximately 30 min
with high sensitivity. In parallel, the development of digital
bioanalysis has expanded the potential of CRISPR diagnostics
toward direct, amplification-free detection at the single-
molecule level.”~"*

Cas13, which targets RNA, exhibits high trans-cleavage
activity, making it advantageous for rapid RNA detection.”'*"
Building on this property, we previously developed an
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amplification-free RNA detection platform, SATORI, which
achieved single-molecule quantification within 10 min.">'® For
DNA detection, Casl2a has been widely used, and various
optimization strategies includin% PAM engineering,'” mis-
match tolerance characterization,”” and crRNA design'® have
been explored, primarily in bulk-format amplification-coupled
assays. However, the biophysical properties of Casl2a at the
single-molecule level remain incompletely characterized, and
the feasibility of Casl2a for amplification-free DNA detection
has not been systematically evaluated.

In this study, we extend the SATORI platform to DNA
detection by performing a systematic single-molecule analysis
of Casl2a. Rather than aiming to establish a superior
amplification-free DNA detection methodology, our goals are
to (i) biophysically characterize the catalytic behavior of
Casl2a including PAM specificity and mismatch tolerance at
the single-molecule level, (ii) re-examine previously reported
optimization strategies under single-molecule conditions, and
(iii) evaluate the feasibility of amplification-free single
molecule DNA detection with Casl2a. We demonstrated
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attomolar-sensitivity detection of target DNA within ~15 min
using Casl2a in an amplification-free, single-molecule format.
However, Casl2a also exhibited nonspecific cross-reactivity
with long nontarget sequences (e.g, genomic DNA from
human and mouse), identifying off-target activation as a major
challenge for reliable diagnostic applications. Together, these
findings provide a quantitative biophysical foundation for
Casl2a-based amplification-free DNA detection and highlight
the engineering requirements for its future translation into
molecular diagnostics.

B MATERIALS AND METHODS

Fabrication of CD-Based Microchamber Array Devices

The original mold was prepared by photolithography using a 3D
drawing system (DWL66+, Heidelberg Instruments), and a Ni replica
was fabricated by electrocasting. The CD-based microchamber device
containing ~10® microchambers (V = ~30 fL, ® = 3.5 ym, h = 3.5
um) was fabricated from polycarbonate resin using a molding
machine with the above mold (SD40ER, Sumitomo). A UV-curable
acrylic resin (S X 649H, Chemitech) and dispensing robot
(SHOTmini 200SX, Musashi Engineering) were used to fabricate a
ring-shaped enclosure with a diameter of 7 mm on the CD.

Preparation of Cas12a

pET-enLbCasl2a plasmid was prepared by introducing DIS6R/
GS532R/KS38R mutations into pET-LbCasl2a plasmid. For ex-
pression of LbCasl2a or enLbCasl2a, Escherichia coli Rosetta 2
(DE3) was transformed with the pET-LbCasl2a and pET-
enLbCasl2a plasmids, and the cells were cultured in 2.5 L of LB
medium containing kanamycin. When the OD600 values reached
0.6—1.0, the cells were cooled on ice for 10 min, and were further
cultured at 20 °C for 20 h with 0.1 mM IPTG. Bacterial cells were
collected by centrifugation, suspended in 40 mL buffer A (20 mM
Tris-HCl (pH 8.0), 1 M NaCl, 20 mM imidazole, 3 mM f-
mercaptoethanol (ME) and 1 mM phenylmethylsulfonyl fluoride),
and disrupted by sonication (Q500, QSONICA). After centrifugation
at 15,000 rpm for 20 min, the supernatant was incubated with Ni-
NTA agarose (Qiagen) at 4 °C for 1 h. The mixture was subsequently
transferred to an Econo column (Bio-Rad). The resin was washed
with buffer B (20 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 20 mM
imidazole and 3 mM ME), and the protein was eluted with buffer C
(20 mM Tris-HCI (pH 8.0), 0.3 M NaCl, 300 mM imidazole and 3
mM ME). The protein was then loaded onto a HiTrap SP HP column
(Cytiva) equilibrated with buffer D (50 mM HEPES-KOH (pH 7.5),
0.3 M NaCl and 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP)).
The protein was eluted using a linear gradient from 0.3 to 2.0 M NaCl
over 7 column volumes. The protein was further purified by size
exclusion chromatography (Enrich SEC 650, Bio-Rad) with buffer E
(50 mM HEPES-KOH (pH 7.5), 0.5 M NaCl and 0.5 mM TCEP).

RNA Preparation

FAM-TTATT-IBFQ_reporter (FQ_ reporter) and crRNAs were
purchased from IDT and Hokkaido System Science Co. (Table S1).
Target DNA fragments (Table S2) were prepared by PCR reaction
with KOD+ polymerase kit (Toyobo) and primer sets (Table S3),
and purified by agarose-gel electrophoresis and a kit. The RNA and
DNA concentrations were determined from A, values using a
NanoDrop spectrophotometer (Thermo Fisher Scientific). Human
genome (G1521, Promega), mouse genome (G3091, Promega) and
E. coli genome (MBDO0013, Sigma-Aldrich) were used to check cross-
reactivity.

Mpox Virus (MPXV) Genome Preparation

MPXV were propagated in VeroE6 or Vero cells with E-MEM
medium (051-07615, FUJIFILM Wako) containing 2% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C with 5% CO,.
Viral supernatants were collected 7 days after infection, and the viral
DNA was purified using QIAamp DNA Mini Kit (51304, QIAGEN).
The concentration of the MPXV genome was determined by qPCR

with QuantiTect Probe PCR Kit (Qiagen), primers/probes, and
reference genes (Table S4).

Automation Platform of the Single-Molecule Assay

The single-molecule assay was performed on an automated platform'®

that integrated a custom-built automatic dispensing system (BioTec)
with a confocal fluorescence microscope (AIHD2S, Nikon) equipped
with a 20X objective (Nikon), 488 and 640 nm lasers, and a
motorized XY scanning stage. A neodymium magnet (HXN10-10,
Misumi) was mounted on the automated objective-lens turret of the
microscope to concentrate magnetic beads into the CD-based
microchamber device. A cylindrical aluminum block warmed by a
lens heater (Tokai Hit) was attached to the chamber array device, or
alternatively, a transparent indium tin oxide (ITO) glass heater with 1
mm thick was mounted on the device to maintain the microchamber
array at a constant temperature.

Single-Molecule Assay without the Target-Capture Step

Cas12a—crRNA complexes were prepared by mixing 0.7 uL of Cas12a
(20 uM), 1.4 uL of crRNA (2.5 uM) and 2.6 uL of buffer F (20 mM
HEPES-KOH (pH 7.5), 150 mM KCl, 10 mM MgCl, and 50 uM
Triton X-100), and incubating at 37 °C for 10 min. The mixture was
then diluted with 4-fold volumes of the buffer F containing 15 yuM FQ_
reporter and 75 uM Alexa Fluor 647 dye (Thermo Fisher Scientific).
Target DNAs were prepared in buffer G (10 mM Tris-HCl (pH 9.0),
10 mM NaCl, 1S mM MgCl, and 50 uM Triton X-100). For
amplification-free DNA detection assay on the automated platform,
20 uL of the Casl2a—crRNA mixture was combined with 100 uL of
the target DNA solution. After 1 min of incubation, 105 uL of the
mixture was dispensed onto a CD-based device and pipetted
repeatedly for 1 min. Approximately 95 uL of the solution was then
removed, and 50 uL of Fomblin oil was added at a rate of 5 uL/s to
seal the microchambers. The excess solution and oil remaining on the
CD were removed, and fluorescence tiling images were acquired after
incubation. For the kinetics measurement of Casl2a, after the oil
sealing, image acquisition was repeated at time interval of 2.5 min.
The number of cleaved FQ reporters was calculated based on the
calibration curve of the mean fluorescence intensity and the
concentration of fluorescein-conjugated ssDNA (Figure S1).

Single-Molecule Assay with the Target-Capture Step

Biotinylated Casl2a was prepared by incubating Casl2a (20 uM)
with NHS—dPEG,—biotin (Quanta BioDesign) at molar ratios of
approximately 1:1 for 1 h at room temperature. Casl2a—crRNA
complexes were then prepared in the same manner as described
above. The assay mixture for Casl2a was prepared in buffer F,
containing 60—12.5 nM Casl2a—crRNA complexes, 12 yuM FQ
reporter, and 60 M Alexa Fluor 647 carboxylic acid. Magnetic beads
(Sera-Mag Streptavidin Binding Capacity (High), 30152105010150,
Cytiva) were washed and resuspended in buffer H (10 mM Tris-HCl
(pH 9.0), 10 mM NaCl, 15 mM MgCl,, and 500 zM Triton X-100) at
a final concentration of 0.5 mg/mL. For the amplification-free DNA
detection assay with a target-capture step on the automated platform,
20 uL of the Casl2a mixture was combined with 100 uL of the target
DNA solution, followed by the addition of 20 uL of the magnetic
bead solution. After 3 min of incubation, 105 uL of the mixture was
dispensed onto a CD-based device and pipetted for 10 s. A
neodymium magnet (HXN10—10, Misumi) was positioned directly
beneath the device via the automated objective-lens turret of the
microscope. Of the 105 L of solution on the CD device, 95 yL was
removed, and 50 uL of Fomblin oil was subsequently added at a rate
of 5 pL/s. Excess solution and oil remaining on the CD were
removed, and fluorescence tiling images were acquired after
incubation using a 20X objective lens.

For direct DNA detection from a biological matrix, 50 L of the
sample placed on a motorized magnet lift was mixed with 20 yL of
biotinylated Casl2a—crRNA complexes (60—12.5 nM) in buffer F
and 50 yL of buffer I (20 mM HEPES-KOH [pH 7.5], 150 mM KC,
20 mM MgCl,, X 1/50 RNase inhibitor [M0314, NEB] and 15 mM
Triton X-100). After incubation for 1 min, the supernatant was
removed using a motorized magnet lift, leaving behind the magnetic
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beads. Next, the magnetic beads were washed with 250 uL of buffer J
(10 mM Tris-HCI [pH 9.0], 10 mM NaCl, 1S mM MgCl, and 500
UM Triton X-100) and resuspended in 110 uL of buffer G containing
2 uM FQ reporter, 10 uM Alexa Fluor 647 carboxylic acid and X 1/
1000 RNase inhibitor. The mixture was sealed into the CD-based
device in the same manner as described above, and fluorescence tiling
images were acquired after incubation using a 20X objective lens.

Data Analysis

For single-molecule assay without target-capture step, the obtained
green channel images (corresponding to FAM fluorescence) were
analyzed using the NIS-Elements software (Nikon) with the Object
Count command. The following parameters were applied: diameter
3—6 pm, circularity 0.6—1.0, and threshold 1,500, to identify positive
chambers and extract region of interest (ROI) information. False
positives were suppressed by excluding ROIs with a green/red
(corresponding to Alexa Fluor 647 fluorescence) intensity ratio <2.
This ratio-based filtering decreases false-positive signals arising from
dust particles, which emit scattering-derived signals in both the green
and red channels, whereas genuine Cas-derived signals are observed
predominantly in the green channel owing to FQ-reporter cleavage.'®

For the single-molecule assay with the target-capture step, green
channel images were analyzed using the parameters: diameter 3—6
um, circularity 0.6—1.0, and threshold 1,500. False positives were
suppressed by excluding ROIs with a green/red intensity ratio <2. To
further eliminate false positives, the number of chambers detected 7.5
min after oil sealing was subtracted from the number detected 12.5
min after oil sealing.

The analytical limit of detection (LoD) was defined as follows. The
number of positive chambers obtained with different concentrations
of the tgDNA was fitted to a linear function. The mean +3 SD value
for the number of positive chambers obtained without tgDNA was
determined, and the crossing point of the linear fitting and the mean
+3 SD was then determined. The concentration corresponding to the
crossing point was defined as the LoD value.

To evaluate the trans-cleavage activity of Casl2a, the acquired
fluorescence images were analyzed using Image] (Fiji) or NIS-
Elements (Nikon). Briefly, ROIs were defined on the final frame of
each time-lapse image to identify fluorescence-positive chambers, and
the maximum fluorescence intensity within each chamber was tracked
throughout the time series to obtain fluorescence-intensity
trajectories. Based on calibration curve between fluorescence intensity
and FAM concentration (Figure S1), the trans-cleavage rate was
calculated.

B RESULTS AND DISCUSSION

Single-Molecule Analysis of CRISPR—Cas12a

Casl2a forms a binary complex with CRISPR RNA (crRNA)
that recognizes and binds double-stranded target DNA
(tgDNA) complementary to the crRNA spacer sequence.
Upon target binding, Casl2a undergoes a conformational
change that activates its RuvC nuclease domain, enabling
cleavage of the tgDNA (cis-cleavage) and collateral degrada-
tion of nontarget single-stranded DNAs in solution (trans-
cleavage).”

We characterized Casl2a from Lachnospiraceae bacterium
(LbCas12a), which is frequently used in nucleic acid detection
systems,'”*° using single-molecule assay platform (Figure 1)."
Given its recent public health relevance, Mpox virus (MPXV:
dsDNA virus)*' was selected as model target. For the single-
molecule assay, a mixture of tgDNA, Casl2a—crRNA
complexes, and FQ reporters was loaded into microchambers
on a CD-based device and sealed with oil (Figure 1A). Under
limiting-dilution conditions for tgDNA (e.g, 100 fM
concentration), each chamber stochastically contains either
zero or one activated (tgDNA-bound) Casl2a molecule. In
chambers with an activated complex, the FQ reporters are
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Figure 1. Single molecule analysis of Cas12a. (A) Schematics of single
molecule analysis using microchamber arrays. (B) Representative
fluorescence image in the presence of a 100 fM MPXV J2R gene
fragment. (C, D) Time course of fluorescence increase (C) and
number of fluorescence-positive chambers (D) at indicated temper-
atures. Representative traces are shown with error bars (standard
deviation: SD). Solid lines indicate linear regressions. (E) Time
course of fluorescence increase at 45 °C using crRNA without
(orange) or with a 7-base DNA appending (purple). (F) trans-
Cleavage rate measured at various concentrations of FQ reporters.
The data were fitted to the Michaelis—Menten equation. (G) Time
course of number of fluorescence-positive chambers. Error bars
indicate the SD from three technical replicates.

trans-cleaved, leading to accumulation of fluorescent products.
Consequently, fluorescence-positive chambers appeared dis-
cretely across the array (Figure 1B), and their fluorescence
intensity increased linearly over time (Figure 1C), confirming
single-molecule detection of Casl2a activity. Notably, the
reaction chambers employed here have a volume of
approximately 30 fL, which is approximately 2 orders of
magnitude smaller than the picoliter-scale droplets (20—30 pm
in diameter, corresponding to ~4—14 pL) used in previously
reported am}aliﬁcation—free single-molecule Casl2a detection
systems.””>” Because the rate of fluorescent product
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accumulation per activated Casl2a molecule is inversely
proportional to the reaction volume, our system achieves
approximately 10°-fold faster signal accumulation, enabling
rapid detection and allowing detailed biophysical analysis of
Casl2a trans-cleavage activity even under conditions where the
activity is reduced (e.g., altered reaction conditions or in the
presence of crRNA—target mismatches).

The trans-cleavage rate of LbCasl2a was strongly temper-
ature dependent (Figure 1C,D). The trans-cleavage rate of
LbCas12a (6 s™*, 2 uM reporter, 45 °C) was around 1/50 of
those for Casl3a (~300 s™', 2 uM reporter, 25 °C").
Michaelis—Menten analysis of the trans-cleavage, performed by
varying the FQ-reporter concentration, yielded V., = 7.1 s™*
and K, = 0.53 uM at 45 °C (Figure 1F and Figure S1).
Activation efficiency of Casl2a was evaluated by counting
chambers whose fluorescence exceeded a fixed threshold,
termed positive chamber. The activation efficiency remained
comparable at 35 and 45 °C (Figure 1D), implicating
temperature as a regulator of trans-cleavage kinetics rather
than activation efficiency in this temperature range. Sub-
sequently, we investigated the effect of appending a 7-nt DNA
(TATTATT) to the crRNA 3’ end using single-molecule
analysis. A previous bulk biochemical study reported that such
DNA appending enhanced Cas12a activity,'® but it remained
unclear whether this effect resulted from increased activation
efficiency or elevated trans-cleavage rate. Accordingly, we
separately quantified these parameters by the single-molecule
analysis. It revealed that the DNA appending increased trans-
cleavage rate (Figure 1E,F) while leaving activation efficiency
unchanged (Figure 1G). Michaelis—Menten analysis showed
that the V,,, and K,, were 11.0 s™' and 0.47 uM, respectively
(Figure 1F). The ~1.6-fold increase in V, with minimal
change in K, suggests that attaching DNA to the crRNA does
not affect substrate binding; rather, it accelerates either the
substrate trans-cleavage step or the release of the cleaved
products. Under the condition, the number of positive
chambers reached a plateau within approximately 15 min
(Figure 1G), demonstrating the potential of Casl2a for rapid
tgDNA detection.

tgDNA Recognition Specificity

LbCas12a recognizes a protospacer adjacent motif (PAM) of
tgDNA with the canonical TTTV (V = A, C, or G) motif being
optimal for target recognition and cleavage activity'® (Figure
2A). In nucleic-acid detection applications, it is desirable to
broaden the targetable sequence space by increasing the
flexibility of PAM recognition. To this end, we engineered a
variant of LbCasl2a, termed enLbCasl2a, by introducing
mutations (D156R, GS532R, and KS38R) which were
previously reported to enhance PAM recognition flexibility in
Casl12a from Acidaminococcus sp.."”

Single-molecule analysis revealed that enLbCasl2a shared
comparable PAM preference profiles, while enLbCasl2a
produced, on average, 2.4-fold more positive chambers than
LbCas12a (Figure 2B and Figure S3). Interestingly, the trans-
cleavage rates were independent of the PAM sequences for
both LbCasl2a and enLbCasl2a (Figure 2C and Figure S4).
Consistent with this, Michaelis—Menten analysis showed that
enLbCasl2a displays kinetic parameters comparable to those
of LbCas12a, with V,__and K, values of 12.0 s and 0.30 uM
for the 7-nt DNA-appended crRNA (Figure S2). Together,
these results indicate that PAM recognition primarily functions
in initial binding to Casl2a—crRNA complex, leading to the
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Figure 2. PAM-sequence dependence. (A) Sequence of crRNA and
tgDNA. (B, C) Single-molecule analysis using tgDNAs bearing 30
different PAM sequences. The numbers of fluorescence-positive
chambers (B) and trans-cleavage rate (C) were evaluated with 1 pM
tgDNA at 45 °C for LbCas12a (pink) and enLbCas12a (green). Error
bars indicate the SD from three technical replicates.

efficient structural transition responsible for trans-cleavage.
Consequently, enLbCasl2a combines enhanced sensitivity
with an expanded targetable sequence range, making it well
suited for nucleic acid detection applications.

Next, the effects of crRNA—tgDNA mismatches for
enLbCasl2a were systematically investigated by single-
molecule analysis (Figure 3 and Figure S5). The trans-cleavage
rates were found to be influenced by mismatches, and were
particularly reduced by mismatches at positions 5, 9, and 10,
causing a 2- to 4-fold decrease in activity (Figure 3B and
Figure SS). Consistent with the reduced trans-cleavage rate,
tgDNAs containing mismatches at these positions showed a
drastic decrease in the number of positive chambers (Figure
3C). Furthermore, the introduction of double mismatches at
these sites almost completely abolished trans-cleavage activity
(Figure 3B and Figure S5), indicating a cooperative
contribution of these positions to enzyme activation. One
possible explanation for the reduction in trans-cleavage activity
caused by these mismatches is that the conformational
rearrangement required for catalytic activation is perturbed
by local distortion of the crRNA—tgDNA hybrid. An
AlphaFold 3 model of the enLbCasl2a ternary complex
(Figure S6) reveals that hybrid positions 9 and 10 are located
adjacent to the RuvC-occluding "lid" loop (residues ~927—
940).>**> Recent work has shown that the lid is maintained in
an open, catalytically active conformation through allosteric
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Figure 3. Mismatch dependence. (A) Sequences of crRNA and
tgDNA. Mutations are highlighted in red. (B, C) Effects of
mismatches on trans-cleavage rate (B) and the number of positive
chambers (C) obtained with 1 pM tgDNAs. Values represent the
mean + SD (n = 3 technical replicates). PM and ND denote perfect
matching and not detected, respectively.

coupling to the crRNA—tgDNA hybrid.”* Local destabilization
owing to the distorted hybrid at these positions would
therefore weaken this coupling and shorten the lifetime of
the catalytically competent open-lid state, providing a plausible
structural basis for the observed position-dependent mismatch
sensitivity.

Amplification-Free DNA Detection

We aimed to develop the enLbCasl2a-based single-molecule
platform for DNA virus diagnostics (Figure 4). A major
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Figure 4. Amplification-free DNA detection for MPXV diagnosis. (A)
Schematics of amplification-free DNA testing with a capture-
enhancement approach. (B) Representative fluorescence image
obtained at different concentrations of the MPXV J2R gene. The
scale bar indicates SO ym. (C) Number of positive chambers obtained
at different concentrations of the MPXV J2R gene with (orange) or
without a magnetic bead enrichment process (green). The solid lines
indicate linear regressions. The values of the blank mean +3 SD are
indicated by dotted lines (three technical replicates). (D) Number of
positive chambers at different concentrations of the MPXV genome.
(E) Cross-reactivity of enLbCasl2a. The number of positive
chambers was measured in the presence of 100 ng/mL genomic
DNA derived from human, mouse, or E. coli. Three different crRNAs
targeting distinct sequences in the MPXV gene were tested. Error bars
indicate the SD from three technical replicates.

limitation of the original system was the low capture efficiency
of tgDNA in microchambers, as target molecules enter the
chambers only stochastically through Brownian diffusion. To
address this issue, we implemented a capture-enhancement
approach using biotinylated Cas proteins and avidin-coated
magnetic beads'® (Figure 4A). In this approach, Casl2a—
crRNA—tgDNA complexes are immobilized on magnetic
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beads via biotin—avidin interactions, after which the beads are
actively concentrated into the microchambers under an
external magnetic field. By circumventing diffusion-limited
loading, this strategy markedly increases the per-chamber
capture efficiency of Casl2a—crRNA—tgDNA complexes.
Importantly, neither biotinylation, immobilization on magnetic
beads, nor bead-derived autofluorescence significantly affected
trans-cleavage activity or the identification of positive chambers
(Figure S7), demonstrating that the enrichment strategy
preserves both enzymatic activity and assay performance.

We then optimized the crRNA design for sensitive MPXV
detection. The J2R gene, which encodes a TNFa receptor
homologue, was selected as a target because it has been
extensively validated as a diagnostic target in conventional real-
time PCR assays, including the gold-standard assay established
by the U.S. CDC.*® Furthermore, because the J2R gene is
located within the inverted terminal repeat (ITR) regions of
the MPXV genome, it is present in two copies per viral
genome, potentially providing a sensitivity advantage in single-
molecule detection. Multiple crRNA candidates bearing the
TTTA PAM preferred by enLbCasl2a were designed and
screened by single-molecule assays, and the one yielding the
highest activation efficiency was selected as the optimal crRNA
(Figure S8). Combining this optimal crRNA with the magnetic
bead enrichment, we achieved highly sensitive detection of
MPXV genes with a limit of detection (LoD) of 104 aM,
representing a 20-fold improvement over the LoD obtained
without the magnetic bead enrichment step (2.1 fM; Figure 4).
The number of positive chambers increased as a function of
MPXV gene concentration (Figure 4B,C), demonstrating the
quantitative capability of this platform. This platform also
successfully detected the full-length MPXV genome with a
LoD of 18 aM (Figure 4D). The achieved sensitivity was
comparable to that of the previous SATORI platform based on
Cas13a for RNA detection. Notably, this attomolar sensitivity
surpasses the picomolar fundamental limit reported for bulk
amplification-free CRISPR-Cas12/Cas13 detection'” by ap-
proximately 4 orders of magnitude, while matching the
sensitivity of conventional real-time PCR within ~15 min
and without nucleic acid amplification.

Finally, we evaluated the potential cross-reactivity of the
enLbCasl2a-based platform against contaminating genomic
DNAs. Despite the high mismatch discrimination in short
(~100 bp) target fragment assays as shown in Figure 3, we
observed clear reactivity especially toward genomic DNA from
human and mouse at 100 ng/mL (Figure 4E), indicating that
nonspecific activation can occur in the presence of abundant
background genomic DNAs. A genome-wide bioinformatic
analysis identified on the order of 10° near-cognate sites per
crRNA within four mismatches in the mammalian genomes
(Table S5), suggesting that partial sequence complementarity
at abundant near-cognate sites may contribute to the observed
nonspecific activation. Notably, LbCas12a-K538R, a variant
with more stringent PAM recognition,27 also exhibited
comparable nonspecific activation (Figure S9), indicating
that this cross-reactivity is not unique to enLbCas12a.

To assess potential cross-reactivity under biologically
relevant conditions, we further evaluated the assay in biological
specimens using a direct single-molecule detection strategy
recently established for blood samples.'* Serum and
nasopharyngeal swab samples from healthy donors produced
substantial numbers of false-positive chambers (Figure S10).
DNase treatment of the swab samples markedly reduced these

false positives (Figure S10), indicating that endogenous
genomic DNA is a major source of off-target enLbCasl2a
activation. These findings suggest that such cross-reactivity
currently limits the direct application of the assay to clinical
specimens. Consistent with previously reported off-target
effects of Casl2a in genome editing,28 our results identify a
potential source of false-positive signals in amplification-free
Casl2a-based diagnostics. Collectively, these findings under-
score the need for Casl2a variants with improved target
specificity and for systematic evaluation of cross-reactivity to
enable reliable DNA virus detection in future applications.

B CONCLUSIONS

Single-molecule analysis enabled a systematic biophysical
characterization of Casl2a activity and identification of its
optimal catalytic conditions. Compared with Cas13a,"* Cas12a
exhibited comparable activation efficiency; however, its trans-
cleavage activity was >20-fold lower. For diagnostic applica-
tions, the current sensitivity appears sufficient, but the
relatively low trans-cleavage activity limits the assay speed. In
terms of target sequence discrimination, enLbCasl2a demon-
strated high specificity toward short DNA fragments but
substantial nonspecific cross-reactivity with genome-length
targets, underscoring the potential for false-positive outcomes
in diagnostic settings.

The practical impact of this cross-reactivity, however,
depends strongly on the detection format. In conventional
Casl2a-based assays, preamplification of short DNA fragments
confines target recognition to limited regions and sequence-
specifically amplifies target-derived signals relative to off-target
genomic signals, effectively suppressing cross-reactivity and
false positive.”” Even in bulk amplification-free Casl2a
detection, the fundamental sensitivity is limited to the
picomolar range,12 such that contaminating genomic DNA at
subpicomolar concentrations falls below the detection thresh-
old and does not substantially affect the readout. In contrast,
single-molecule amplification-free detection, as demonstrated
in this work, reaches subfemtomolar sensitivity, at which even
trace amounts of contaminating genomic DNA can generate
detectable signals and lead to false positives. Indeed, Casl2a
exhibited cross-reactivity with background DNAs, indicating
that the risk of false positives cannot be easily avoided in this
high-sensitivity, amplification-free regime. This challenge is
expected to apply equally to other amplification-free single-
molecule Casl2a-based detection formats, including droplet-
based platforms,”® which share the same underlying detection
principle. Therefore, successful implementation of simple,
single-molecule amplification-free DNA testing will likely
require engineered Casl2a variants or the identification of
orthologs with target specificity (and ideally also higher trans-
cleavage activity) in the future.”
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