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ABSTRACT: The simultaneous detection of proteins and microRNA (miRNA) at ezt cencerdetection i Sinativrinbe M
the single extracellular vesicle (EV) level shows great promise for precise disease ~r '

profiling, owing to the heterogeneity and scarcity of tumor-derived EVs. However, a )

highly reliable method for multiple-target analysis of single EVs remains to be
developed. In this study, a digital dual CRISPR-Cas-powered Single EV Evaluation
(ddSEE) system was proposed to enable the concurrent detection of surface protein

and inner miRNA of EVs at the single-molecule level. By optimizing simultaneous " emeran —

reaction conditions of CRISPR-Cas12a and CRISPR-Cas13a, the surface protein of 7 N\ | I j
. . . . Castod (T

EVs was detected by Cas12a using antibody-DNA conjugates to transfer the signal of 3 Q _40x_]

the protein to DNA, while the inner miRNA was analyzed by Casl3a through EV- N

liposome fusion. A microfluidic chip containing 188,000 microwells was used to F.»:’&\ s /[ ® _ %OO """

convert the CRISPR-Cas system into a digital assay format to enable the absolute
quantification of miRNA/protein-positive EVs without bias through fluorescence
imaging, which can detect as few as 214 EVs/uL. Finally, a total of 31 blood samples, 21 from breast cancer patients and 10
from healthy donors, were collected and tested, achieving a diagnostic accuracy of 92% in distinguishing patients with breast
cancer from healthy donors. With its absolute quantification, ease of use, and multiplexed detection capability, the ddSEE
system demonstrates its great potential for both EV research and clinical applications.

KEYWORDS: CRISPR-Cas, single molecule, single EV, microwell, liposome

Digital signal readout

xtracellular vesicles (EVs) are the most intriguing targets To realize the single EV detection, methods such as high-
E for liquid biopsies because of their stable encapsulation resolution flow cytometry, surface-enhanced Raman spectros-
of various biological molecules, including proteins, copy, and digital ExoELISA®® have been proposed; however, a
nucleic acids, metabolites, and lipids, that can reflect their common limitation is that only one type of EV biomarker can be
origin in tumor cells." However, the generation of EVs from analyzed. For multiple-target analysis of individual EVs, most
tumors, blood cells, and platelets contributes to creating a efforts have focused on identifying multiple surface proteins.”™ "
diverse and complex population of EVs in the bloodstream. This Detecting internal microRNAs (miRNAs) in a single EV is
diversity, along with the scarcity of tumor-derived EVs, challenging because of their scarcity (the average number of
complicates their precise characterization.”™* miRNAs per EV is less than one copy) and location (miRNAs
Currently, traditional methods for EV marker detection, such are enclosed within EVs).”"* Recent studies' """ have utilized
as immunoblotting, enzyme-linked immunosorbent assay molecular beacons and fluorescently labeled antibodies in
(ELISA), mass spectrometry, flow cytometry, and quantitative conjunction with total internal reflection fluorescence micros-
polymerase chain reaction (qPCR), are time-consuming, labor- copy to analyze the surface proteins and inner miRNAs of EVs at
intensive, and relatively insensitive.”® These traditional EV
analysis approaches can provide only generalized insights into Received: September 26, 2024
large-volume samples and struggle to distinguish tumor cell- Revised: ~ December 2, 2024
specific EVs from background EVs. Furthermore, the inherent Accepted:  December 9, 2024
heterogeneity of EVs, even those secreted from a single cell, Published: December 17, 2024

highlights the importance of technologies capable of dissecting
potential tumor biomarkers at the single EV level.”
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Scheme 1. Concept of the ddSEE System”
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“Antibody-DNA-labeled EVs were prepared via incubation with antibody-DNA complexes and ultrafiltration to remove free antibody-DNA
conjugates. The prepared EV-antibody-DNA complexes were subsequently mixed with Casl2a reagents and Casl3a reagents encapsulated in
liposomes, and then loaded into a microwell array chip for compartmentalization. In each individual microwell, EV-liposome fusion facilitated the
delivery of Cas13a reagents into EVs to detect the inner miRNA and cleave RNA reporters (green fluorescence), while the corresponding antibody-
DNA complexes activated Cas12a to detect a specific protein and cleave DNA reporters (red fluorescence).

high magnification. However, these methods lack a signal
amplification step, making them susceptible to false positives
typically observed in single-molecule detection. Moreover,
molecular beacons are unstable in aqueous solutions, con-
tributing to high background noise during detection.'®'”
Therefore, reliable and easy-to-use methods that can conven-
iently and accurately analyze the surface protein and inner
miRNA of single EVs are still lacking.

Since the pioneering work on CRISPR-Cas-based molecular
diagnosis by Zhang in 2017,"® the CRISPR-Cas system has been
widely applied for the nucleic acid-based detection of
pathogens,ls_20 such as SARS-CoV-2, and has been further
developed to use aptamers or antibody-DNA conjugates to
convert protein signals into DNA signals, enabling CRISPR-Cas
to detect proteins, toxins, and other molecules.”' ** These
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advancements have significantly expanded the range of
detectable targets by the CRISPR-Cas system. However, due
to the inherent limitations of CRISPR-Cas detection capa-
bilities, current assays often require preamplification steps such
as recombinase polymerase amplification (RPA), loop-mediated
isothermal amplification (LAMP), and polymerase chain
reaction (PCR) before CRISPR-Cas reactions to enhance the
signals. These additional steps not only increase reaction time
and cost but also pose a risk of contamination due to the nucleic
acid amplification process. Recent efforts have confined the
CRISPR-Cas system to microchambers, enabling the amplifica-
tion-free detection of DNA using Casl2a or miRNA using
Cas13a.>~" Inspired by these advancements, we propose a
digital dual CRISPR-Cas-powered Single EV Evaluation
(ddSEE) system for the highly sensitive and concurrent

https://doi.org/10.1021/acsnano.4c13557
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Figure 1. Optimization of reaction conditions for the dual CRISPR-Cas assay. (A) Schematic of the dual CRISPR-Cas assay optimization,
including systematic evaluation of buffer compositions, pH, reaction temperature, reporter sequence, gRNA-to-Cas protein ratio, and
preincubation time. (B) Assessment of Cas13a/Cas12a assay efficiency under various pH values and cation concentrations (Mg>* and K*). (C)
Effect of additives and temperature on Cas13a/Casl2a assay efficiency. The fluorescence growth rate (V) is calculated as V, = AF/At. (D)
Fluorescence changes in Cas12a and Cas13a with conventional NEB 2.1 buffer versus optimized buffer at different target concentrations. The
horizontal dashed line indicates the detection limit before optimization, while the dotted line shows the detection limit after optimization,
calculated as the mean of the NTC plus standard error X3. (E, F) Measurement of the increased Forster resonant energy transfer (FRET) donor
signal (588 nm) and the decreased acceptor signal (665 nm) on the labeled EVs after membrane fusion with unlabeled liposomes.
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detection of proteins and miRNA in single EVs. To build this
system, optimal conditions for the concurrent reaction of the
CRISPR-Casl2a and CRISPR-Casl3a systems were first
screened for the simultaneous detection of DNA and miRNA
in microwells at the single-molecule level. Antibodies targeting
the surface protein of EVs were labeled with a DNA oligo to
transfer protein detection to CRISPR-Casl2a-based DNA
detection. Then, the CRISPR-Cas13a system was encapsulated
in a liposome to detect the inner miRNA of EVs through EV-
liposome fusion. The use of liposomes to deliver reagents allows
for the detection of RNA encapsulated within EVs without the
need for EV lysis and RNA purification.”® Finally, the ddSEE
system was applied to detect EVs from plasma samples of 21
patients with breast cancer (BC) and 10 healthy donors (HD).
By evaluating the co-occurrence of the PD-L1 protein and miR-
21 at the single EV level, a diagnostic accuracy of 92% was
obtained, distinguishing BC samples from HD samples. This
system can potentially serve as a tool for the multiplexed,
simultaneous detection of disease-specific EV surface protein
and internal molecular cargo in clinical settings within 2.5 h,
thereby improving the clinical applicability of EV-based liquid
biopsy.

RESULTS
Workflow of the ddSEE System. Digital microwell/

droplet-based assays have been widely used for the division
and precise profiling of individual molecules or cells because of
their cost efficiency, scalability, and compatibility with
imaging.zg_32 Using this compartmentalization strategy,
ddSEE was performed within a microwell array chip to achieve
segregation and the simultaneous detection of protein and
miRNA in individual EVs.

The ddSEE workflow was divided into three essential steps
(Scheme 1). First, enriched EVs derived from plasma were
incubated with DNA-labeled antibodies, converting protein
signals to DNA signals, followed by ultrafiltration to remove
unbound antibody-DNA complexes. Second, EV-antibody-
DNA complexes were mixed with a CRISPR-Casl2a mixture
and liposomes encapsulating the CRISPR-Cas13a mixture.**™°
Third, this whole mixture was loaded into a microwell array chip
and incubated at 37 °C, where single EVs were distributed into
individual microwells via Poisson distribution. At this stage,
DNA corresponding to the surface proteins of EVs activated
Casl2a, whereas the miRNA inside EVs activated Cas13a, which
was delivered via EV-liposome fusion. Once activated, Cas12a
cleaved DNA reporters (with red fluorophores) with catalytic
efficiency ranging from approximately 3.2 X 10%to 1.7 X 10° M ™"
71,2773 whereas Cas13a cleaved RNA reporters (with green
fluorophores) with catalytic efficiency about 3.7 X 10° to 3.2 X
108 M~! §71.°7* The specific values may vary depending on
factors such as the gRNA and reporter sequences as well as other
reaction conditions. Such high efficiency of the CRISPR-Cas
system in continuously cleaving the surrounding reporters
resulted in an accumulation of high-yield fluorescent signals in a
small volume (50 fL) within 30 min, which can easily illuminate
the microwells (4 pm in diameter, 4 ym in depth) of the
microfluidic chip used in this study (Figure S1A,B). Moreover,
the simplicity of the digital dual CRISPR-Cas assay, together
with the imaging-friendly features of the microwell array chip,
simplified the entire workflow to allow for the in situ detection of
single EVs. All of these enabled the concurrent detection of
surface protein and inner miRNA in single EVs at single-
molecule resolution.
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Refinement of the Reaction Conditions for the Dual
CRISPR-Cas Assay. Despite the widespread use of Cas12a and
Casl3a in DNA and RNA detection assays, most of these
methods have been preceded by nucleic acid amplification
techniques.””** The potential of integrating orthogonal Cas12a
and Casl3a in a single signal accumulation reaction without
nucleic acid amplification for concurrent detection of DNA and
RNA remains largely unexplored. Considering that both Cas12a
and Casl3a can react under physiological conditions*’ and
require the same divalent metal ions, such as Mg*", as cofactors
to exert their enzymatic activity,"**” it is theoretically feasible to
integrate Casl2a and Casl3a into a single reaction system for
the simultaneous detection of DNA and RNA. Accounting for
the different pH preferences of various Cas enzymes, we used
LbaCas12a and LbuCas13a in this study, which are both widely
used and favor alkaline conditions in our concurrent reaction
system. To quantitatively assess the trans-cleavage activities of
LbaCasl2a and LbuCasl3a in different conditions, the
fluorescence growth rate V; was calculated as follows:

Vg=AF/At

where AF denotes the change in fluorescence intensity and At
represents the first 3 min.*

We then screened various reaction buffers, including several
commercially available options and those documented in the
literature, to significantly enhance the enzymatic activity of Cas
proteins (Table S$1).”>** Eventually we found that HOLMES
Buffer 1 was the most effective buffer for the concurrent reaction
of Casl2a and Casl3a (Figure S2). However, the activities of
Casl2a and Casl3a in the HOLMES Buffer 1 were still
insufficient for single-molecule detection in our microwell array
chip. Therefore, further optimization based on HOLMES Buffer
1 was performed by fine-tuning the pH, components, and
additives of the reaction buffer (Figure 1A). First, spermidine in
HOLMES Buffer 1 was excluded because it inhibited Casl3a
activity (Figure S3A,B). As most papers reported peak trans-
cleava%e activity for LbaCasl2a in mildly alkaline condi-
tions,”** ™" pH values ranging from 7.0 to 10.0 (in 0.5
increments) were investigated. We noticed that Casl2a and
Casl3a exhibited the highest cleavage rates at pH 9.0. Next, the
concentrations of metal ions (Mg®" and K*) were modified,
revealing that S mM MgCl, and 20 mM KCI were the optimal
conditions for the reaction (Figure 1B). Subsequently, three
types of additives were examined. First, poly(vinyl alcohol)
(PVA) and polyethylene glycol (PEG), which are often used as
scaffolds for enzymatic reactions, were added to the reaction
buffer. PVA significantly promoted the reaction efficiencies of
Casl2a and Casl3a, similar to PEG 20000 (Figure 1C, Figure
S$4); however, it introduced less background noise than PEG
20000 (Figure SSA,B). Next, surfactants such as Triton X-100
have been reported to improve the efficiency of the CRISPR-Cas
reaction (Figure 1C, Figure S6C)48 and also pose a risk of EV
lysis.”' Therefore, the effects of varying concentrations of Triton
X-100 on EVs were quantitatively assessed by using nanoparticle
tracking analysis (NTA). Our data revealed that when the Triton
X-100 concentration >0.1% (w/v), there was a pronounced
reduction in EV concentration, which was attributed to EV lysis
(Figure S6A,B). Consequently, a lowered concentration for
Triton X-100 (0.001%) was selected to avoid EV lysis before the
sample was loaded into the chip. Finally, PCR-grade bovine
serum albumin (BSA) was incorporated into the system to
minimize the potential adsorption of enzymes onto the chip.*’

https://doi.org/10.1021/acsnano.4c13557
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Figure 2. Characterization of EVs. (A) Representative TEM images of EVs isolated from the MDA-MB-231 cell culture medium and plasma. (B)
Size distribution of EVsisolated from the MDA-MB-231 cell culture medium and plasma. (C) Western blotting images showed the expression of
the positive EV protein markers ALIX, CD9, and the negative protein marker Grp94 in MDA-MB-231 cells, EVs derived from MDA-MB-231
cells and plasma. (D) Flow cytometry analysis of the expression of PD-L1 on the membranes of cells and EVs. CD63-conjugated beads were
utilized to capture the EVs. Beads conjugated with IgG served as an isotype negative control in each experiment. (E) miR-21 expression in
MDA-MD-231 cells, MCF10A cells, MDA-MD-231-derived EVs, and MCF10A-derived EVs were determined using RT-qPCR. Relative miRNA
expression levels were normalized against that of snoU6. The data are presented as fold changes relative to the control. All experiments were
repeated at least three times. Error bars represent the mean + standard error of the mean (SEM) of three repeated experiments.

After refining the composition of the reaction buffer, other
factors that may influence the reaction activities of Cas12a and
Casl3a were also examined, including the reporter sequence,
reaction temperature, the ratio of gRNA to the Cas enzyme, and
preincubation time (Figure 1A). First, the literature presented
varying findings, with some studies suggesting that C-rich
substrates were more susceptible to cleavage, while others
favored TA-rich substrates.””*> Through an extensive compar-
ison of various reporters differing in sequence and length, a 10-
bp substrate was selected based on its superior efliciency in
Casl2a-mediated cleavage (Figure S7). Second, the reaction
temperature is a common influencing factor for Casl2a and
Casl3a reactions. An increase in temperature may enhance
enzyme—substrate interactions due to increased kinetic energy,
but exceeding the optimum temperature can distort the

enzyme’s active site and inhibit the formation of enzyme—
substrate complexes. Therefore, a comparative analysis of the
reaction rates of Casl2a and Casl3a was conducted at
temperatures ranging from 32 to 52 °C in increments of 5 °C.
It was found that Cas12a preferred slightly higher temperatures,
while Casl3a showed optimal activity at the physiological
temperature of 37 °C. To achieve the balanced performance of
Casl2a and Casl3a activity, we selected 37 °C as the
temperature for the concurrent reaction (Figure 1C). Finally,
the ratio of gRNA to Cas enzyme was examined, and the
preincubation time for gRNA with Casl2a/Casl3a was
optimized. For Casl2a, the highest cleavage efficiency was
observed when the ratio of gRNA to Cas enzyme was 2:1;
extending the incubation time did not yield any additional
benefits. For Cas13a, higher ratios of gRNA to Cas enzyme and
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Figure 3. Performance of the digital dual CRISPR-Cas assay. (A) Fluorescence images of microwells captured at 40X magnification after
different incubation times. (B) Real-time fluorescence curves of the positive microwells. The fluorescence growth curves of the positive wells
were normalized against the decline in background fluorescence signals from the negative microwells. (C) End point fluorescence images of the
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longer incubation times correlated with enhanced cleavage
efficiency. For maximum efficiency, the optimal ratio of gRNA to
Cas enzyme for Cas13a was 1:8, with a 30 min preincubation at
37 °C (Figure S8A,B).

Overall, through the above-mentioned optimization proce-
dures, an optimal solution composed of S mM MgCl,, 20 mM
KCl, 40 mM Tris-HCI (pH 9.0), 0.001% Triton X-100, 1 mM
DTT, 100 ug/mL BSA, and 0.025% PVA, termed the “dual
CRISPR-Cas buffer”, was obtained. The other conditions for the
concurrent reaction of Cas12a and Casl3a are listed in Table S2.
Under these optimized conditions, the detection limit of the
CRISPR-Cas system improved 10-fold compared to the
extensively used commercial NEB 2.1 buffer, enabling the
sensitive detection of target molecules in tubes at concentrations
as low as 100 fM for Cas12a and 500 M for Cas13a (Figure 1D).
Finally, we optimized the EV-to-liposome fusion ratio. EVs were
dual-labeled with Dil (donor) and DiD (acceptor) dyes to
confirm fusion usin§ a Forster resonant energy transfer (FRET)
dequenching assay.” > Increasing the liposome/EV ratio led to
decreased FRET activity and enhanced donor signal, indicating
dye dilution by the liposome membrane. Complete fusion of
EVs and liposomes was observed at both 10X and 1X liposome
conditions, with consistent decreases in FRET activity (Figure
1E,F). Based on these results, we selected the 1X liposome
condition for further experiments.

Characterization of EVs. EVs from the culture medium of
the BC cell line MDA-MB-231 and plasma were isolated via
ultracentrifugation, and their morphology, size distribution, and
protein markers were characterized according to the MISEV
2024 guidelines.”* Transmission electron microscopy (TEM)
revealed typical EV structures in EVs derived from cell line
supernatants and plasma (Figure 2A). Furthermore, NTA
revealed that EVs from the cell culture medium had a peak
particle diameter of 142 nm (Figure 2B), whereas plasma-
derived EVs exhibited a peak particle diameter of 130 nm.
Immunoblotting of EV lysates revealed the presence of EV
marker CD9, a member of the tetraspanin family, primarily in
the EV fraction with minimal detection in the cellular fraction
(Figure 2C). Additionally, the high expression of ALIX, which is
involved in ALIX- and ESCRT-III-dependent pathways for
tetraspanin sorting and delivery to EVs, was observed in isolated
EVs, further confirming their identity. In contrast, Grp94, a
marker of the endoplasmic reticulum, was exclusively detected in
the cellular fraction, but not in the EVs, indicating the absence of
cell or apoptotic body contamination in the EV samples.
Collectively, these results confirmed the successful isolation of
EVs from MDA-MB-231 culture medium and plasma.

In the present study, two crucial cancer biomarkers present in
EVs, PD-L1 and miR-21, were measured.”>">® The PD-L1
protein promotes tumor progression and facilitates evasion of
the immune system by inhibiting PD-1 on immune cells.
Meanwhile, miR-21, which is overexpressed in many types of
cancer, promotes tumor growth and predicts a poor prognosis.
Detecting these markers in EVs aids cancer diagnosis,
understanding cancer mechanisms, and guiding personalized
treatments. Flow cytometry analysis revealed that PD-L1 was
highly expressed in the BC cell line MDA-MB-231; its
expression was lower in the normal mammary epithelial cell
line MCF10A (Figure 2D, Figure S9A). Similarly, we measured
the expression levels of miR-21 using qPCR, calculating the
relative expression separately for cell samples and EV samples, as
detailed in the Methods section. The results showed that the
expression of miR-21 in MDA-MB-231 cells was 3-fold higher
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than that in MCF10A cells. Correspondingly, EVs secreted by
MDA-MB-231 cells exhibited significantly higher levels of PD-
L1 and double the amount of miR-21 compared with EVs
secreted by MCF10A cells (Figure 2E, Figure S9B). However,
owing to the complexity of tumors, single-target detection fails
to achieve high sensitivity and specificity for clinical cancer
diagnosis.sg_ ! Therefore, we attempted to detect the
concurrence of different biomarkers, specifically protein and
miRNA, to enhance the accuracy of cancer diagnostics.

Quantification of DNA and RNA Using a Digital Dual
CRISPR-Cas Assay. Digital assays such as digital PCR have
already been widely applied for the absolute quantification of
target molecules in individual partitions, facilitating single-
molecule-level analysis.””** Following this concept, we adapted
the bulk reaction into a digital format using a microwell array
chip (Figure S1A—C, Video S2). The operation of this
microwell array chip can be divided into four steps: sample
partitioning, oil sealing, incubation at 37 °C, and digital
visualization. Briefly, synthetic templates of DNA and RNA
were added to a 40 uL dual CRISPR-Cas mixture, thoroughly
mixed, and then loaded into the chip. Sample partitioning was
achieved by gravity, allowing the aqueous phase to distribute
across the microwells, where synthetic templates of DNA and
RNA were allocated according to a Poisson distribution. After
the distribution of the reaction system, 100 yL of oil was added
to seal the wells, and the chip was incubated at 37 °C for 30 min.
To prevent the premature reaction of the dual CRISPR-Cas
system before sample loading into the chip, all steps prior to oil
sealing were conducted on ice. The results were then visualized
using fluorescence microscopy, and the entire image processing
workflow was completed using the built-in algorithms of NIS-
Elements software (Figures S10 and S11).

The reaction time required for the simultaneous detection of
Cas12a and Cas13a was assessed by using a microwell array chip.
Once the templates with the CRISPR-Cas mixture were divided
and isolated into individual microwells, the fluorescence signals
in each microwell were continuously monitored and recorded at
1 min intervals. By diluting DNA and RNA templates to as low as
6 X 10° copies/uL, which means the mathematical expectation 1
in Poisson distribution was 0.03, each microwell would be
guaranteed to contain either 0 or 1 template molecule with over
99.9% probability. Under these conditions, both Casl2 and
Casl3a showed digital detection patterns, confirming the
capability of the dual CRISPR-Cas system to detect single-
copy DNA and RNA templates. The fluorescence signal
generated by Casl3a-cleaved RNA reporters reached a plateau
within 5 min. In contrast, the Casl2a group required
approximately 30 min to reach peak fluorescence, indicating
that the trans-cleavage activity of Casl3a was much faster
compared with that of Casl2a (Figure 3A,B, Video S1).
Therefore, the on-chip reaction time was fixed at 30 min for
subsequent experiments.

To evaluate the quantitative capabilities of the digital dual
CRISPR-Cas assay, synthetic templates of DNA and RNA were
prepared in serial dilutions ranging from 6 X 10° to 6 X 10’
copies/uL for on-chip detection (Figure 3C). A good
correlation between the number of positive microwells and
the input concentrations of DNA and RNA was observed,
maintaining linearity across S orders of magnitude with R* values
exceeding 0.99 (Figure 3D). The limit of detection (LoD) of our
digital dual CRISPR-Cas assay was calculated as few as 474.8
copies/uL of DNA and 551.8 copies/uL of RNA based on a
background +3 X SD. These results confirmed the accuracy and
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consistency of the digital dual CRISPR-Cas assay for the
quantitative detection of nucleic acids.

It can be noted that the detection limit of the Casl2a and
Casl3a bulk assay was limited to 100 and 500 fM, respectively.
By partitioning the bulk reaction (20 pL) into 188,000
microwells (50 fL) to perform a digital assay, the ultralocalized
Casl2a and Casl3a assay significantly improved the detection
limit over 100-fold (Figure 3G). Furthermore, continuous
cleavage of the probes by Casl2a and Casl3a led to signal
amplification, achieving average signal-to-noise ratios of 5.1 for
Casl2a and 2.5 for Casl3a within microwells, respectively
(Figure 3E,F). Compared to molecular beacon-based meth-
ods' % that lack a signal amplification step, this digital dual
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CRISPR-Cas assay achieved higher signal-to-noise ratios for
single-molecule detection.

Concurrent Detection of PD-L1 and miR-21 in EVs. To
create a concurrent reaction environment conducive to single
EV analysis, a liposome fusion strategy was utilized to realize the
Casl3a-based detection of miR-21 in EVs, whereas an antibody-
DNA conjugate was used for Casl2a-based surface protein
detection in EVs. Conjugation with dibenzocyclooctyne-PEG4-
N-hydroxysuccinimidyl ester (DBCO-PEG4-NHS) was used to
label antibodies with the Casl2a activation sequence.”® The
conjugated DNA sequence in this study contained a target
sequence flanked by two spacer arms, minimizing steric
hindrance and facilitating binding of dsDNA to the Casl2a
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protein (Figure S12). The protospacer adjacent motif (PAM)
region of this DNA sequence was carefully designed to ensure
that the Casl2a cleavage site was positioned distal to the
antibodies (Figure S13). The DBCO-PEG4-NHS/antibody
ratio was chosen to be within 20—30 (Figure S14A—C). The
conjugation of the DNA oligo did not significantly affect the
capacity of the secondary antibody to recognize the primary
antibody (Figure S15). Furthermore, the specificity of Cas13a in
the detection of miR-21 was validated. Our microwell-based
Casl3a assay showed excellent specificity for the selective
quantification of miR-21 from similarly sequenced miRNAs,
such as miR-122 and miR-210 (Figure S16).

Next, the ddSEE system was used to simultaneously detect
universal EV marker CD63 and potential tumor marker miR-21.
Notably, CD63 and miR-21 were successfully detected in the
EVs, whereas controls without EVs exhibited no fluorescence.
Meanwhile, in the EV-only group as a control, the absence of
liposomes resulted in the inability of Cas13a to be delivered for
RNA detection within the EVs, leading to the absence of a
detectable green RNA signal. This underscores the essential role
of liposomes in mediating the delivery of Casl3a into EVs.
These results validated the potential of our ddSEE system for the
simultaneous and precise analysis of both surface protein and
miRNA in EVs (Figure 4A). After a 30 min on-chip incubation,
the coexistence of CD63 and miR-21 was evidenced by merging
red and green fluorescence signals from the Casl2a-cleaved
DNA probes and the Cas13a-cleaved RNA probes, respectively,
showing a distinctive yellow fluorescence (Figure 4B).
Correspondingly, CD63"'miR-21* EVs comprised 19% of the
EV population, while CD63"miR-21~ EVs accounted for 77%.
In contrast, only 4% of CD63 miR-21" EVs were detected
(Figure 4C). These findings are consistent with previous results
obtained using flow cytometry.””*® Then, we performed serial
dilutions of EVs, establishing a linear relationship between
CD63" EVs concentrations and their dilution factors. The assay
covered a dynamic range of 4 orders of magnitude and achieved
a detection limit of 214 EVs with the lowest concentrations
experimentally detected as 2 X 10* EVs/uL. (Figure S17).

Next, EVs derived from the culture medium of BC cell line
MDA-MB-231 and normal mammary epithelial cell line
MCFI10A were assessed to evaluate the expression levels of
PD-L1 and miR-21 in individual EVs. As shown in Figure 4D,E,
PD-L1 and miR-21 concentrations were considerably higher in
EVs from the MDA-MB-231 cells than those from the MCF10A
cells, consistent with previous reports””’ and corroborate the
findings from conventional flow cytometry and qPCR assays
(Figure 2D,E). Collectively, these results underscored the
differential expression of PD-L1 and miR-21 in EVs between
cancerous and noncancerous cell lines.

Tests of Clinical Samples for Breast Cancer Diagnosis.
To optimize EV isolation for clinical analysis, we first compared
ultracentrifugation, anion exchange beads, and size-exclusion
chromatography for isolating EVs from plasma. EV purity and
concentration were assessed by staining with CD9 and CD63
surface protein markers, followed by analysis using nanoflow
cytometry (Figure S18A). Ultracentrifugation achieved the
highest purity (28%), outperforming anion exchange beads
(17%) and size-exclusion chromatography columns from Izon
(4.8%) and ECHO AIOTECH (4.4%) (Figure SI8B). EV
concentrations, determined after a 500-fold dilution, were
highest with ultracentrifugation (2.25 X 10° particles/mL),
followed by anion exchange beads (1.76 X 10° particles/mL),
size-exclusion chromatography columns from Izon (1.83 x 10°
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particles/mL) and ECHO AIOTECH (5.17 X 10® particles/
mL) (Figure S18C). Therefore, ultracentrifugation was selected
as the preferred method for EV isolation in our study.

The capability of our ddSEE system for cancer diagnosis was
validated by detecting EVs derived from the plasma samples of
patients with BC (n = 21) and HD (n = 10). Detailed
information about the patients and HD was provided in Tables
S4 and SS. Because BC is uncommon in men, this study included
only female patients and controls. Fluorescence imaging
revealed the presence of PD-L1 and miR-21 in individual EVs
from HD and patients with BC (Figure SA, Figures S19 and
S20). The concentrations of PD-L1%, miR-21%, and PD-L1*miR-
21" EVs were also measured (Figure SB).

Although the statistical results showed that the amount of PD-
L1" EVs or miR-21" EVs in the plasma from patients with BC
was significantly greater than that from HD, the concurrent
assessment of PD-L1 and miR-21 on single EVs improved the
discrimination of patients with BC from HD, exceeding the use
of PD-L1 or miR-21 as a single marker in EVs (Figure SB,C).
Additionally, by concurrently assessing PD-L1 and miR-21 in
individual EVs, it was possible to distinguish patients with phase
II and II BC from HD (Figure SD). Meanwhile, a higher
proportion of PD-L1"miR-21" EVs was observed in patients
with BC. The increased proportion of PD-L1* miR-21" EVs,
independent of concentration (Fi%ure SE, Figure S21), were
consistent with previous studies,”””” indicating the coexpression
of PD-L1 and miR-21 within the same cells. This suggests a
potential shared regulatory mechanism between PD-L1 and
miR-21.”""* However, while the proportion of the PD-L1*miR-
21" subpopulation is valuable for diagnosis, it remains crucial to
include concentration data for a more accurate assessment of the
differences. Receiver operating characteristic (ROC) curve
analysis confirmed the robustness of the dual-marker strategy for
BC detection, with an area under the curve (AUC) value of 0.92,
surpassing those of PD-L1 alone (AUC = 0.80) and miR-21
alone (AUC = 0.75) (Figure SC). We determined the cutoff
values for PD-L1 alone, miR-21 alone, and the concurrent
assessment of dual markers PD-L1 and miR-21 on single EVs
based on the Youden index. Each clinical sample was analyzed
individually according to these cutoff values, allowing us to
classify the samples as true positive, false positive, true negative,
and false negative. The specificity and sensitivity for PD-L1
alone were 90 and 57%, respectively, while for miR-21 alone, the
specificity and sensitivity were 50 and 95%. The concurrent
assessment of dual markers PD-L1 and miR-21 on single EVs
achieved a specificity of 100% and a sensitivity of 81%, further
demonstrating the advantage of a dual-marker strategy (Figure
$22). These results highlight the potential of our ddSEE system
for the precise detection of BC, leveraging the analytical
capabilities of single EV analysis to improve biomarker profiling
for clinical diagnosis.

DISCUSSION

The increasing interest in utilizing EVs as biomarkers in liquid
biopsies for cancer diagnosis, coupled with the challenge posed
by the heterogeneity of blood EVs, has accelerated the
development of methods for single-molecule EV analysis. In
this study, ddSEE was developed for the simultaneous detection
of protein and miRNA in individual EVs. This assay can reliably
quantify as few as 474.8 copies/uL of DNA and 551.8 copies/uL
of RNA. The lowest concentrations experimentally detected
were 6 X 10° copies/uL for both DNA and RNA in gradient
dilution experiments, while maintaining excellent linearity
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across 5 orders of magnitude. By conversion of protein signals
into DNA signals using antibody-DNA conjugates and employ-
ing EV-liposome fusion, the surface protein and inner miRNA of
individual EVs can be simultaneously detected using the digital
dual CRISPR-Cas system. The concurrent detection of PD-L1
and miR-21 achieved 92% accuracy in distinguishing 21 patients
with BC from 10 HD.

Compared with the existing methods for single EV analysis
(Figure S23), our ddSEE system offers three advantages. First,
this method achieves high accuracy in quantifying EV
subpopulation concentrations and using liposome fusion for
miRNA detection®* ™ in EVs minimizes contamination from
free-circulating miRNAs, improving quantification accuracy.
Additionally, this method allows for the accurate detection of a
wide range of particle sizes. Although the majority of EVs
detected in the experiments are distributed within the 50—200
nm range, the 4-ym diameter and depth microwells enable the
detection of all particles smaller than 4 ym by adjusting the input
particle size. Second, this system is easy to operate, and using the
CRISPR-Cas system for signal amplification enables illumina-
tion of microwells within 30 min under a fluorescence
microscope. Third, our system enables the concurrent detection
of both protein and miRNA within individual EVs. This ability
to concurrently analyze multiple types of biomarkers improves
the detection of EV subpopulations, effectively addressing the
challenge of specificity in blood-derived EVs. As proteins often
serve as the functional units responsible for specific biological
activities and miRNAs encapsulated within EVs primarily play a
role in regulating gene expression in target cells,”® the multiplex
detection of protein and miRNA allows for a more precise
investigation of EV subpopulations from two broad perspectives.
Given its precision, user-friendliness, and ability to analyze
multiple markers simultaneously in individual EVs, the ddSEE
system introduced in this study holds considerable promise for
advancing EV research and its applications in disease diagnosis.

Although we have demonstrated the feasibility of the ddSEE
system as a potential tool for cancer diagnosis and performed
initial assessments in the context of breast cancer, further
validation of our results is necessary through expanding clinical
trials with a larger number of participants, particularly, focusing
on patients with breast cancer in phase L

At present, our system still relies on ultracentrifugation to
purify EVs, which is not conducive to the subsequent fabrication
of integrated detection devices. During the sample loading
process, although 20 uL of the EV sample is used, less than 10 nL
of sample actually enters the microwells for final counting,
reducing the overall detection efficiency. In the future, we aim to
adopt magnetic bead separation to circumvent the reliance on
ultracentrifugation for EVs purification, making the method
more suitable for small-volume sample detection. Additionally,
the number of microwells was increased to further improve
detection sensitivity. While ddSEE has achieved single-molecule
detection and precise quantification of EV subpopulations, the
accurate quantification of individual molecules within single EVs
remains a significant challenge and will be a key focus of our
future research. Despite the potential for further optimization,
we firmly believe that our ddSEE system, with its capability to
concurrently detect the surface protein and inner miRNA of
individual EVs at the single-molecule level, significantly
enhances our understanding of the heterogeneity of EVs at the
single EV level and improves precise disease diagnosis in clinical
settings.
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METHODS/EXPERIMENTAL SECTION

Cell Culture. The MDA-MB-231 and MCF10A cell lines were
obtained from the Xiehe Cell Resource Center. MDA-MB-231 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, Shanghai, China) supplemented with 10% (v/v) fetal bovine
serum and 1% (v/v) penicillin-streptomycin solution. MCF10A cells
were maintained in a specialized medium comprising DMEM/Ham’s
F-12 (11039-021, GIBCO, Shanghai, China), 10 ug/mL insulin
(CC101, M&C GENE, Beijing, China), 0.1 pg/mL cholera toxin
(CC104, M&C GENE), 0.5 pg/mL hydrocortisone (CC103, M&C
GENE), 20 ng/mL EGF (CC102, M&C GENE), 15 mM HEPES
(16050-130, GIBCO), and 5% horse serum (16050-130, GIBCO).

Clinical Samples. After the informed consent was obtained, 21
blood samples from patients with breast cancer and 10 blood samples
from healthy donors were collected. Detailed information regarding the
blood samples can be found in Tables S4 and SS. All procedures
involving blood sample collection were approved by the Tsinghua
University Science and Technology Ethics Committee (IRB Number:
THUO01-20240301). The blood samples were collected and centrifuged
twice at 2000g for 30 min to isolate the cell-free plasma. The plasma was
carefully collected and stored at —80 °C until further use.

EV Isolation. Upon reaching 70% confluence, the culture medium
for both MDA-MB-231 and MCF10A cells was replaced with a medium
containing 10% (v/v) exosome-depleted serum. The cells were then
cultured for an additional 24 h. Subsequently, the supernatant was
collected and subjected to sequential centrifugation at 3000g for 30 min
and then at 10,000g for another 30 min to remove cell debris and
apoptotic bodies. The supernatant was carefully aspirated and filtered
through a 0.22-um pore-size filter (SLGPR33RB, Sigma-Aldrich),
followed by ultracentrifugation at 160,000g with 70 Ti rotor at 4 °C for
70 min. The resulting pellet was resuspended in 27 mL of phosphate-
buffered saline (PBS; GIBCO) and centrifuged again at 160,000g at 4
°C for 70 min to further purify the sample by washing away the residual
proteins. To isolate EVs from plasma samples, 100 uL of plasma was
diluted to 1 mL with PBS and subjected to the same high-speed
centrifugation protocol as described above. Then, the diluted plasma
was ultracentrifuged using a TLA-55 rotor for 30 min to obtain the EV
pellet. After the final ultracentrifugation step, the isolated EVs were
resuspended in 40 uL of PBS supplemented with protease inhibitors
(20123ES10, Yeasen, Shanghai, China) for subsequent analyses.

EV Characterization Using TEM. For TEM analysis, an aliquot
containing 20 uL of the EV suspension was dropped onto a carbon-
coated grid and incubated for 5 min. The grid was washed twice with
distilled water to remove the residual salts from the EV solution. The
samples were then stained with 2% uranyl acetate for 30 s, and excess
staining solution was removed by using filter paper. The grid was then
imaged using an electron microscope (FEI Tecnai Spirit TEM D1266,
Thermo Fisher, Shanghai, China).

Nanoparticle Tracking Analysis. Briefly, the EV samples were
diluted 1:50 in PBS and loaded into the chamber of the NTA system
(NanoSight LM14, Malvern Instruments, UK.) by using a 1 mL
syringe. The system was set to automatically analyze the size
distribution and particle concentration of the EVs by using NanoSight
NTA Software (Malvern Instruments). To assess the efficiency of
different concentrations of Triton X-100 on EV lysis, Triton X-100 was
added to SO uL of EV suspensions at final concentrations of 0, 0.001,
0.01, 0.1, and 1%. After gentle mixing and incubation for 30 s, the
samples were diluted 1:50 in PBS to prepare the NTA.

Western Blotting Analysis. Cell and EV samples were lysed using
radioimmunoprecipitation assay (RIPA) buffer and mixed with a
loading buffer (20315ES20, Yeasen). The mixtures were denatured at
95 °C for 10 min and centrifuged at 12,000g for 10 min. The prepared
samples were then loaded onto a 4—12% gradient sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel
(3625SES10, Yeasen) for protein separation. The proteins were then
transferred to a polyvinylidene fluoride (PVDF) membrane, which was
blocked with 5% milk for 45 min. Next, the membrane was incubated
overnight at 4 °C with primary antibodies against ALIX (12422-1-AP;
Proteintech, Wuhan, China), CD9 (ab236630; Abcam, Shanghai,
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China), and Grp94 (2104T; Cell Signaling Technology, Shanghai,
China). After overnight incubation, the membrane was washed three
times with TBST (FB23435-500, FeiMoBio, Beijing, China), followed
by a 1 h incubation at 20—25 °C with secondary antibodies (BE0101-
100 and BE0102-100, Easybio, Beijing, China). After secondary
antibody incubation, the membrane was washed three times before
applying the enhanced chemiluminescence reagent for imaging.

PCR Analysis. Total miRNA was extracted from both cellular and
EV samples using a miRNA extraction kit (19332ESS0, Yeasen)
following the manufacturer’s protocol. Subsequently, the extracted
miRNA was reverse-transcribed to cDNA using a first-strand cDNA
synthesis kit (MR101, Vazyme, Nanjing, China) following the
manufacturer’s instructions. qPCR analyses were performed by using
a miRNA Universal SYBR qPCR Master Mix (MR101-01, Vazyme) to
quantify miRNA expression levels. The primer sequences used in the
analyses are listed in Table S3. The expression of miRNAs was
normalized to that of RNA snoU6 and quantified based on the 2744
method. Specifically, to calculate the relative expression levels of miR-
21 in cell and EV samples, the average miR-21 expression level in
mammary epithelial MCF10A cells was first determined from three
replicates and set as the reference value of 1. The miR-21 expression
levels in breast cancer cells were then normalized to the MCF10A
average to obtain the relative expression levels. Similarly, for the EV
samples, the average miR-21 expression in MCF10A-derived EVs was
used as the reference value.

Flow Cytometry Analysis. The cell suspensions were centrifuged
at 700g for 5 min in PBS. The supernatant was discarded, and the cell
pellet was resuspended in 100 uL of PBS. For antibody staining, anti-
PD-L1 primary antibodies (329701, BioLegend, Beijing, China) were
added to the suspension at a 1:100 dilution and incubated at 4 °C for 1
h. After primary antibody staining, the cells were washed three times
with PBS. FITC-labeled antimouse secondary antibodies (33207ES60,
Yeasen) were then added to the cells at a 1:500 dilution followed by
incubation for 1 h at 4 °C. Finally, the cells were washed three times
with PBS and resuspended in 200 yL of PBS for flow cytometry analysis.

For EV samples, streptavidin-labeled beads (65001, Thermo Fisher)
functionalized with biotin-labeled antibodies against CD63 (353017,
BioLegend) were used for EV capture. Given the murine source of the
capture antibodies, a switch was made to allow rabbit-derived PD-L1
antibodies as the primary detection antibodies and PE-labeled
antirabbit antibodies (ab7007, Abcam) as the secondary antibodies.
Antigen detection on EV/antibody/bead complexes was performed
using a staining protocol similar to that employed for cell samples. The
complexes were then analyzed by using on-bead flow cytometry.

For nanoflow cytometry detection, the size distribution and particle
concentration of EVs were measured (U30E, NanoFCM, Xiamen,
China). The instrument was calibrated with 250 nm SiNPs beads for
concentration and a Silica Nanosphere Cocktail (53, 73, 96, and 120
nm, $S23M-SEV, NanoFCM) for the size distribution. Particles were
recorded over a 1 min interval with samples diluted in PBS and analyzed
under 1.0 kPa pressure. Data were processed using NanoFCM Software
V2.0. Immunofluorescent staining was performed by using Alexa Fluor
488 Mouse Anti-Human CD9 (NHA009-A488-5T, NanoFCM) and
Alexa Fluor 647 Mouse Anti-Human CD63 (NHA063-A647-5T,
NanoFCM).

Antibody-DNA Conjugation. Initially, additives were removed
from the antibody solutions by using a desalting column to prepare the
conjugated antibodies. The antibodies were then activated with DBCO-
PEG4-NHS (A102P-2, Click Chemistry Tools, Scottsdale, AZ) at room
temperature for 30 min, and the reaction was quenched with 1:10 (v/v)
Tris-HCl (pH 7.5). The unreacted DBCO-NHS ester was then
removed via dialysis, and the efficiency of DBCO incorporation was
measured. Subsequently, 200 uM azide-DNA (Sangon, Shanghai,
China) solution was added to the antibody solution, and the mixture
was thoroughly mixed via pipetting. After overnight incubation at 4 °C,
the azide-DNA was conjugated to the antibody. Conjugation efficiency
was verified by running 1 pg of the antibody-DNA conjugate on SDS-
PAGE and staining it with a silver staining kit (P0017S, Beyotime,
Shanghai, China). Ladder patterns appearing above the S0 kDa
molecular weight bands indicate strong labeling. Free oligonucleotides
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were removed using 100 kDa ultrafiltration tubes (UFCS100, Sigma-
Aldrich), and the final products were stored in 50% glycerol at —20 °C
until further analysis.

Buffer Construction and Optimization for One-Pot Assay.
The buffer screening for Casl2a and Casl3a assays was conducted
using 20 uL reaction mixtures. For Cas12a, each mixture contained 100
nM Casl12a, 125 nM synthesized IB-gRNA, 1 uM Reporter TA, and S0
pM synthesized Cas12a template (IB), while Cas13a mixtures included
20 nM Casl13a, 10 nM synthesized miR-21-gRNA, 500 nM Reporter
SU, and SO pM synthesized Cas13a template (miR-21). Buffers that
were screened are outlined in Table S1, with nontarget controls (NTC)
serving as baselines. These mixtures were then subjected to isothermal
incubation at 37 °C in Applied Biosystems 7500, with fluorescence
intensities measured at 1 min intervals at a 30 min time frame to assess
buffer performance.

To refine the buffer composition, an initial reaction used a base
formulation comprising 40 mM Tris-HCl (pH 8.5), 6 mM MgCl,, and
20 mM KCl. The optimization process included testing different pH
values (7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0), MgCl, concentrations (0, S, 10,
18, 20, 25, 30 mM), KCI concentrations (0, 20, 40, 60, 80, 100, 120
mM), Triton X-100 concentrations (0, 0.001, 0.01, 0.1, 1%), as well as
varying concentrations of PEG 20000, PEG 10000, PEG 6000, PEG
200 (0, 2.5, S, 7.5, 10%), and PVA (0, 0.025, 0.05, 0.1, 0.2%).
Additionally, adjustments were made to the gRNA to Cas12a/Cas13a
ratio (2:1, 1:1, 1:2, 1:4, 1:8) and preincubation time (0, 15, 30 min).

Evaluation of EV-Liposome Fusion with FRET. A total of S0 uL
of EVs solution with a concentration of 1 X 10'° EVs/mL were stained
with 20 uM Dil (C1036, Beyotime) and 20 yM DiD (C1039,
Beyotime) by incubating at 37 °C for 1 h. Unbound dyes were removed
by washing three times using a 300 kDa ultrafiltration tube
(OD300C34, Pall, Beijing, China) at 13,800g for 2 min per wash,
concentrating the EVs to a final volume of approximately 50 uL.
Liposome aliquots (1X) at a concentration of 1 X 10" liposomes/mL
were prepared according to the manufacturer’s instructions and diluted
in 50 uL PBS, mixed with the Dil- and DiD-labeled EVs. Liposome-EV
fusion reactions were performed at 37 °C for 30 min. After that,
fluorescent signals were excited with a 480 nm laser and emission
spectra were recorded from 525 to 750 nm using an EnSpire multimode
microplate reader (PerkinElmer, Shanghai, China).

ddSEE Workflow. Antibody-DNA-Labeling. EVs enriched from
100 uL of plasma were incubated with antibody-DNA conjugates at
room temperature for 1 h. The EV-antibody-DNA complexes were
washed six times with PBS in a 300 kDa ultrafiltration tube
(OD300C34, Pall, Beijing, China) at 13,800g for 2 min per wash.
This washing process was used to remove any unbound antibody-DNA
conjugates. The complexes were then washed twice with 1X dual
CRISPR-Cas buffer containing 1 U of RNase (10610ES03, Yeasen) to
replace the PBS. Finally, the complexes were resuspended in 50 yuL of
1X dual CRISPR-Cas buffer containing 1 U of RNase for subsequent
analyses.

Cas13a-Liposome Preparation. Following a slightly modified
version of the protocol described in a previous study,”* liposome
complexes were prepared using a Lipofectamine CRISPRMAX Cas9
Transfection Reagent (CMAX00001, Thermo Fisher). Complex A was
constituted by combining 40 nM LbuCas13a, S nM miR-21-specific
gRNA, 2 U RNase inhibitor, and 1 uM FAM-tagged quencher reporter
in a 1X dual CRISPR-Cas buffer. Complex B was prepared by mixing
the transfection reagent with 1X dual CRISPR-Cas buffer. The two
complexes were mixed gently and incubated at room temperature for 15
min.

On-Chip Reaction. The microwell array chips used in this study were
provided by Iomics (Beijing, China). Initially, 10 4L of EV-antibody-
DNA complexes, 10 yL of a Cas12a mixture, and 20 uL of a Casl3a-
liposome were first prepared separately. The above solutions were then
mixed and loaded into the chip, followed by a 1 min incubation on ice to
ensure the liquid settled into the microwells. The EV-liposome fusion
likely occurs immediately upon mixing because the fusion process
typically occurs on a millisecond time scale. The chip was then sealed
with 100 uL of oil and incubated at 37 °C for 30 min. Subsequently, the
chip was imaged at 40X magnification with an inverted fluorescence
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microscope (Nikon Ti2, Shanghai, China) equipped with a CMOS
sensor (Nikon DS-Ri2), capturing both bright field and fluorescence
images.

Image Processing and Data Analysis. Digital quantification of the
bright field, FAM (green dots), and ROX (red dots) channel images
and signal-to-background ratio (SBR) calculations were conducted
using NIS-Elements software for fluorescence intensity analysis. All
calculations were based on pixel values from the original images. For
image presentation, contrast adjustments were uniformly applied to
each point within the same batch and image, ensuring a clear
visualization for readers without affecting the experimental results.
For the specific analysis process, please refer to the “Data analysis
process with Poisson distribution” in the Supporting Information.

Statistical Analysis. The data and figures were prepared using
GraphPad Prism version 9.0 software (GraphPad Software, Inc., San
Diego, CA). Statistical analyses were conducted using the Mann—
Whitney U test, unpaired t test, and two-way analysis of variance
(ANOVA) with multiple comparison tests. Differences with p-values
<0.0S were considered statistically significant. Statistical significance is
denoted as follows: (*) 0.01 < p < 0.05, (**) 0.001 < p < 0.01, (*¥**)
0.0001 < p < 0.001, and (**#*) p < 0.0001.
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