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ARTICLE INFO ABSTRACT

Keywords: Rapid, accessible molecular tests that can resolve viral variants remain a critical unmet need. We report a one-
CRISPR/Cas13a tube clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 13a
SARS-CoV-2

(Cas13a) assay that couples target recognition to a T7-promoter—driven self-amplifying loop, thereby achieving
exponential fluorescence amplification at a single temperature (37 °C) within 40 min. Without separate pre-
amplification, the assay detects severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) open-reading
frame 1a (ORF1a), nucleocapsid (N), spike (S), and envelope (E) RNAs with limits of detection (LoDs) of 0.32-0.96
copies pL™?, corresponding to attomolar level sensitivity. A compact 16-well reader and a smartphone appli-
cation enable real-time quantification and field-deployable operation. The system discriminates S mutations
(D614G, H69-70del, D80A, L452R, P26S, A67V, and A27S) and maintains specificity in mixed-variant samples.
In a clinical study (n = 105; 75 positives and 30 negatives), assay calls are concordant with routine reverse
transcription quantitative polymerase chain reaction (RT-qPCR). These results establish a minimal-handling,
extraction-free workflow that quantitatively detects SARS-CoV-2 and resolves key mutations, suggesting a
generalizable architecture for point-of-care (POC) nucleic-acid testing.

Point-of-care testing
Self-amplifying loop
Variant detection

1. Introduction response and routine infectious-disease management. Public health
control depends on timely identification and isolation of infected in-
Rapid, accessible molecular diagnostics remain central to epidemic dividuals, including those with low viral loads, and variant resolution
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has become critical for surveillance and patient management. Mutations
in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
spike (S) gene—such as D614G, H69-70del, D80A, L452R, P26S, A67V,
and A27S—have been associated with shifts in transmissibility and im-
mune evasion, underscoring the need for tests that read out specific
mutations (Carabelli et al., 2023; Harvey et al., 2021; Tao et al., 2021).
Reverse-transcription  quantitative polymerase chain reaction
(RT-qPCR) remains the clinical reference but requires centralized labo-
ratories, trained personnel, and multi-step workflows that complicate
decentralized deployment (De Felice et al., 2022). These constraints
motivate point-of-care (POC) nucleic-acid tests that deliver
laboratory-grade performance with minimal infrastructure (Cho et al.,
2025; Kim et al., 2023).

Clustered regularly interspaced short palindromic repeats (CRISPR)-
based diagnostics have emerged as a promising class of isothermal as-
says that leverage programmable nuclease recognition (Guan et al.,
2025; Kaminski et al., 2021; Li et al., 2022; Schalper et al., 2025; Weng
et al,, 2023). In particular, CRISPR/CRISPR-associated protein 13a
(Cas13a) couples sequence-specific binding to target RNA with robust
collateral cleavage of single-stranded RNA reporters, enabling signal
generation at a constant temperature (Chandrasekaran et al., 2022;
Gootenberg et al., 2017; Moon et al., 2025; Patchsung et al., 2020).
Nevertheless, many implementations retain steps that limit POC utility:
(i) dependence on separate upstream nucleic-acid pre-amplification (e.
g., RT-recombinase  polymerase amplification (RPA) or
RT-loop-mediated isothermal amplification (LAMP)); (ii)
semi-quantitative lateral-flow readouts; and (iii) limited capacity to
discriminate single-nucleotide variants (Tang et al., 2023; Wang et al.,
2021; Yin et al., 2021; Zhao et al., 2015).

Our group previously demonstrated CRISPR/Cas13a-based detection
of mRNA mutations in extracellular vesicles (EVs) for cancer diagnostics
(Song et al., 2025). While our previous work established a
self-amplifying signal-generation framework, it was largely limited to
purified nucleic acid inputs and controlled analytical conditions.
Extending this approach to direct viral RNA detection in clinical speci-
mens requires operation in far more complex environments. In partic-
ular, the presence of enzymatic inhibitors, heterogeneous sample
matrices, and the requirement for extraction-free workflows pose sub-
stantial technical challenges. Thus, simple conceptual adaptation is
insufficient, and system-level re-engineering is essential. To address
these challenges, we reformulated the reaction buffer to preserve Cas13a
and T7 RNA polymerase activity in the presence of lysis components,
and systematically optimized reaction composition, lysis conditions, and
signaling probe design. Collectively, these efforts highlight that trans-
lating self-amplifying CRISPR strategies into practical infectious disease
diagnostics requires substantial methodological advancement.

Building on that foundation to meet the critical need for rapid,
decentralized viral detection, we developed the Self-amplifying CRISPR-
based One-pot Ultrasensitive viral RNA Testing (SCOUT) assay, which
unifies target recognition, amplification, and quantitative fluorescent
readout in a single-tube, single-temperature workflow. Because the
assay targets viral RNA, it requires only lysis-based pretreatment
without centrifugation or separate nucleic acid extraction. The core of
SCOUT is a rationally designed signaling probe that bridges Casl3a
collateral cleavage to T7 promoter-driven transcription of target mimics.
Upon Cas13a activation by a cognate CRISPR RNA (crRNA)-target RNA
duplex, collateral cleavage liberates the probe's fluorophore and
simultaneously licenses T7 RNA polymerase to generate additional
target-mimic transcripts, which re-engage Casl3a—forming a self-
amplifying loop. This architecture converts each target molecule into
exponential signal growth without a separate pre-amplification stage. A
compact 16-well POC reader with a Bluetooth-connected smartphone
application enables field-deployable operation of SCOUT assay. We
implemented SCOUT as an extraction-free (lysis-only), 37 °C isothermal
assay that yields quantitative results within 40 min across four SARS-
CoV-2 gene targets (open-reading frame 1a (ORFla), nucleocapsid (N),
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S, and envelope (E)). SCOUT was further configured for variant
discrimination at the single-nucleotide level using variant-specific
crRNAs targeting seven S gene mutations, with confirmed specificity
in mixed-variant samples. Clinical evaluation in a pilot cohort of 105
specimens (75 positives spanning wild-type (WT), Delta, and Omicron
lineages; 30 negatives) showed concordance with routine RT-qPCR.
Together with a per-test reagent cost of $2.92 under our procurement
and formulation assumptions, these results suggest a practical route to
cost-effective POC implementation.

2. Results
2.1. Architecture and workflow of SCOUT assay

Fig. 1 illustrates how SCOUT unifies sample preparation, target
recognition, amplification, and readout into a one-tube assay. Clinical
specimens are incubated in RNA lysis buffer containing RNase inhibitor
for 10 min without centrifugation or nucleic acid extraction, after which
the SCOUT reaction mixture is added and incubated at 37 °C for 30 min
(Fig. 1a). SCOUT converts target recognition into self-reinforcing signal
growth by coupling CRISPR/Cas13a collateral cleavage to T7 promoter-
driven transcription. Upon binding to SARS-CoV-2 RNA, the Casl13a/
crRNA complex activates and cleaves a signaling probe comprising a T7
promoter stem, a U4 loop with a fluorophore and target-complementary
sequence, and a terminal quencher. Cleavage separates the fluorophore
from the quencher and enables T7 transcription of target mimics, closing
a self-amplifying loop that drives exponential amplification (Fig. 1b).
For POC use, SCOUT integrates with a compact 16-well reader and a
Bluetooth-connected smartphone application for real-time fluorescence
monitoring (Fig. 1c). Fig. 1d shows the assayed ORFIa, S, E, and N re-
gions and the variant-defining S mutations. A representative SCOUT
assay targeting ORF1a RNA is shown in Supplementary Fig. 1, including
the relevant sequences (Rizvi et al., 2023; Song et al., 2022).

2.2. Evaluation of SCOUT assay

We validated the SCOUT assay by quantifying its analytical perfor-
mance. In this study, we constructed a CRISPR/Cas13-based molecular
circuit composed of three signal-processing modules (Fig. 2a). The first
module, transducer 1 (T1), recognizes SARS-CoV-2 RNA via Casl3a-
mediated target binding and activation. The second module, trans-
ducer 2 (T2), drives RNA transcription through T7 RNA polymerase. The
third module functions as a signal amplifier (A), in which target-
dependent RNA cleavage from a signal template results in fluores-
cence release. Notably, the parallel coupling of A and T2 establishes a
feedback loop. Consequently, each target nucleic acid molecule is con-
verted into an exponentially amplified fluorescent output, enabling ul-
trasensitive nucleic acid detection.

In component-omission controls, robust fluorescence required target
RNA (ORFla = 10° copies pL™1), Cas13a/crRNA, and T7 RNA poly-
merase simultaneously (Fig. 2b); removing any component collapsed the
signal to baseline, and omitting T7 yielded only weak Casl3a-cleavage
signal, confirming that transcription-driven feedback is necessary for
amplification. These behaviors were corroborated by polyacrylamide
gel electrophoresis (PAGE) analysis (Supplementary Fig. 2). Probe
optimization identified a U4 loop and 12-base T7 promoter as optimal
(Supplementary Fig. 3), with working concentrations of 10 pM Cas13a,
16 U pL~! RNase inhibitor, 10 pM T7 RNA polymerase, and 50 pM
signaling probe adopted for subsequent experiments.

Serial dilutions of ORFla, N, S, and E RNAs produced time courses
scaling with input concentration (Fig. 2¢, Supplementary Fig. 4a—c),
with the 30 min end-point adopted for quantitation. LoDs, determined
by the 3o0/slope criterion, were 0.96 (ORF1a), 0.56 (N), 0.32 (S), and
0.53 (E) copies pL_l (Fig. 2d, Supplementary Fig. 4d-f). Benchmarked
against RT-qPCR (80 min), SCOUT delivered wider dynamic range and
higher sensitivity (Supplementary Fig. 5). Specificity was examined
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Fig. 1. Architecture and workflow of SCOUT assay. (a) Clinical specimens undergo lysis-only (10 min), after which the SCOUT reaction is run isothermally at
37 °C for 30 min in the same tube, yielding a real-time fluorescence readout suitable for POC operation. (b) Target RNA activates the Casl3a/crRNA complex to
cleave a signaling probe. Cleavage simultaneously separates fluorophore and quencher to generate signal and unmasks a T7 promoter, allowing T7 RNA polymerase
to transcribe short target-mimic RNAs. These transcripts re-engage Cas13a, closing a self-reinforcing feedback loop that amplifies fluorescence. The probe comprises a
promoter-bearing stem (purple), a U4 (gray) loop with the fluorophore (green) and target-complementary sequence (blue), and a terminal quencher (black). (c) A
compact 16-well reader with precise thermal control and a Bluetooth-connected smartphone application enables field-deployable, real-time acquisition and analysis
of SCOUT signals. (d) Genomic loci assayed include ORFla, S, E, and N. Variant-resolved assays focus on S mutations of D614G, H69-70del, D80A, L452R, P26S,
A67V, and A27S. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

against a respiratory-virus panel including human coronaviruses (HCoV-
NL63/229E/0C43/HKU1), SARS-CoV, Middle East respiratory syn-
drome coronavirus (MERS-CoV), influenza subtypes (H1N1, H3N2,
H5N2, HIN2, H3H8), respiratory syncytial virus (RSV), and the human
RPP30 gene (all at 10* copies pL.™1). Only SARS-CoV-2 (10* copies uL 1)
elicited high signals, indicating negligible cross-reactivity even to SARS-
CoV (79.6% genome homology) (Fig. 2e).

2.3. Characterization of POC testing device

The SCOUT assay was integrated into a portable 16-well POC testing
device that combines a temperature-controlled reaction block with an
embedded fluorescence detection module (Supplementary Fig. 6a). The
smartphone application manages device pairing, well setup, and real-
time visualization of fluorescence; it also reports per-well calls after
thresholding and logs total test time together with raw traces for
downstream analysis (Supplementary Fig. 6b). This integration enables
a one-tube, 37 °C, 40 min workflow with on-board quantitation and
result display. Device-level uniformity was evaluated by running the

SCOUT assay on all 16 wells with the ORF1a target at 10* copies pL ™"
Wells produced highly similar fluorescence levels (Supplementary
Fig. 6¢), indicating signal consistency suitable for parallel testing.
Thermal performance across multiple setpoints (37-70 °C) showed
stable control with inter-well variation within +0.5 °C (Supplementary
Fig. 6d). To further assess temporal stability, 10 consecutive measure-
ment runs were performed over a 5 h continuous operation period;
fluorescence output remained stable with no detectable signal drift
(CV < 2.0%; Supplementary Fig. 6e), Inter-device reproducibility was
confirmed by testing two independently assembled SCOUT devices,
which showed consistent fluorescence signals (inter-device CV < 1.0%;
Supplementary Fig. 6f). The device incorporates an LED-based optical
module with excitation and emission filters and a photodiode for real-
time monitoring (Supplementary Fig. 7a). Benchmarking against a
commercial real-time PCR instrument demonstrated high concordance
in fluorescence-derived C; values (Supplementary Fig. 7b and c).
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Fig. 2. Evaluation of SCOUT assay. (a) Schematic illustration of the signal amplification mechanism. The SCOUT assay forms a feedback loop for exponential
amplification. (b) Fluorescence after SCOUT under the indicated reaction compositions. A strong signal appears only when target ORFIa RNA (10° copies L"),
Cas13a/crRNA, and T7 RNA polymerase are all present; omission of target, Casl3a, or crRNA yields baseline signal, and omission of T7 produces a weak Casl3a-
cleavage signal without amplification. Data are mean + SD (n = 3). (c) Time-dependent fluorescence for serial dilutions of ORFI1a RNA over 30 min; end-point

intensity at 30 min scales with input concentration and is used for quantitation.

NC denotes negative control. Data are mean (n = 3). (d) Calibration of SCOUT

(30 min) versus RT-qPCR (80 min) on serially diluted ORF1a RNA. LoD of SCOUT was 0.96 copies pL’l (ORF1a). RT-qPCR comparison used AC; = C; — C;, where C; o
and C; were threshold cycle values for blank and RNA samples, respectively. Data are mean + SD (n = 3). (e) Cross-reactivity testing against HCoV-NL63/229E/
0C43/HKU1, SARS-CoV, MERS-CoV, influenza subtypes (H1N1, H3N2, H5N2, HIN2, H3H8), RSV, and human RPP30 gene; only SARS-CoV-2 target yields a
high signal (10* copies pL’l for all samples). NC denotes negative control. Data are mean + SD (n = 3).

2.4. Variant-resolved detection with SCOUT assay

Real-time identification of single-nucleotide variants (SNVs) is
essential for surveillance, patient management, and detecting mixed
infections. We assembled a S mutation panel encompassing D614G,
H69-70del, D80A, L452R, P26S, A67V, and A27S (Supplementary
Fig. 8a and b) and designed variant-specific crRNAs targeting these loci
(Supplementary Fig. 9), alongside gene-level crRNAs for ORFla, N, S,
and E. Cognate target—crRNA pairs yielded strong fluorescence while
non-cognate pairs remained near baseline. Fig. 3a illustrates represen-
tative end-point signals across WT and the seven mutations, and Fig. 3b
summarizes specificity via a heatmap in which only matched pairs
produce high signal.

To assess performance in mixed-variant backgrounds, contrived
mixtures spanning 1% versus 99% abundance (10 vs. 1000 copies pL ™)

were tested. WT, L452R, and A67V guides selectively called their
intended targets even at 1% abundance against a 100-fold off-target
background (Supplementary Fig. 10a and b). We next evaluated the
limit of variant detection using contrived samples with decreasing
variant allele frequencies (VAFs) of the L452R mutation in a WT back-
ground. SCOUT reliably detected the L452R mutation down to 0.01%
VAF, yielding signals significantly distinguishable from the WT-only
background (Supplementary Fig. 10c). Finally, to assess performance
in multi-variant co-infection scenarios, a triple-variant mixture con-
taining equal proportions (1:1:1) of Delta (L452R), Gamma (P268S), and
Omicron (A67V) synthetic RNAs was tested. Using variant-specific
crRNAs in parallel reaction wells, SCOUT independently detected all
three variants with signal patterns consistent with the expected muta-
tion profiles (Supplementary Fig. 10d).

Dose-response curves for D614G, L452R, and A67V (Fig. 3c-e,
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Supplementary Fig. 11) showed detection down to 0.42, 1.75, and 0.55 copies pL~?, respectively, demonstrating that the SCOUT architecture
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Fig. 4. Clinical validation of the SCOUT platform using patient specimens. (a) Schematic workflow for COVID-19 diagnostics. Clinical samples stored in viral
transport medium are directly lysed for 10 min and subjected to a one-pot SCOUT reaction (30 min at 37 °C). The portable device paired with a smartphone
application enables on-site data acquisition and analysis. (b—e) Clinical evaluation of the SCOUT assay using a cohort of 105 specimens. Bar plots display the end-
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preserves single-nucleotide selectivity with high sensitivity in a one-tube
workflow.

2.5. Clinical validation of the SCOUT platform using patient specimens

To evaluate the applicability of the SCOUT assay to clinically rele-
vant and non-invasive sample matrices prior to patient validation, we
first performed spiked-sample experiments using saliva and sputum
specimens containing SARS-CoV-2 RNA (1-1000 copies puL™!). As shown
in Supplementary Fig. 12, SCOUT demonstrated stable and reliable
detection performance in both matrices, although sputum samples
exhibited a slight reaction delay, likely attributable to the high viscosity
and mucin content of sputum. These results support the robustness of the
SCOUT platform under physiologically relevant sample conditions and
highlight its potential suitability for extraction-free point-of-care
diagnostics.

Following these analytical validation studies, we evaluated the
clinical utility of the SCOUT platform using 105 respiratory specimens
(nasopharyngeal swabs) collected from suspected COVID-19 patients.
The cohort, obtained from Gyeongsang National University College of
Medicine, consisted of 75 confirmed positive cases—stratified into 15
WT, 30 Delta, 9 Omicron, and 21 Omicron BA.2 variants—and 30
negative controls. To specifically identify these viral lineages, we
employed variant-specific SCOUT assays targeting their defining muta-
tions: ORF1a for the WT, L452R for Delta, A67V for Omicron, and A27S
for Omicron BA.2.

To replicate a streamlined POC workflow, samples in viral transport
medium were lysed and analyzed directly using the SCOUT device
(Fig. 4a). All outcomes were validated against standard RT-qPCR
(Supplementary Table 1-4). The fluorescence results are summarized
in Fig. 4b-e. A positive call threshold was set at AIT =5 x oT, where 6T
is the standard deviation (SD) of the background signal. Quality control
was confirmed via RPP30 detection in all samples. The SCOUT assay
yielded significantly elevated fluorescence for all positive samples
compared to controls (P < 0.0001), achieving 100% concordance with
RT-qPCR. Furthermore, end-point fluorescence intensities for the ORFla
and S gene targets strongly correlated with viral loads (r = 0.9965)
(Supplementary Fig. 13).

3. Discussion

Rapid and accurate diagnosis remains the cornerstone of effective
infectious disease management (Markov et al., 2023; Zhang et al., 2022).
While recent advances in CRISPR-based diagnostics have successfully
integrated pre-amplification and Cas-mediated detection into one-pot
reactions, achieving attomolar sensitivity and single-nucleotide variant
resolution directly from complex clinical specimens remains a signifi-
cant challenge (Arizti-Sanz et al., 2020; Ding et al., 2020; Feng et al.,
2021; Joung et al., 2020). To address this gap, we developed the SCOUT
assay. By leveraging a rationally engineered self-amplifying loop,
SCOUT bypasses the need for conventional nucleic acid amplification (e.
g., RPA or LAMP) entirely. This one-pot, isothermal platform seamlessly
unifies target recognition, exponential signal amplification, and quan-
titative readout, achieving ultrasensitive and variant-resolved detection
in a completely extraction-free workflow.

The key innovation of the SCOUT assay lies in its engineered self-
amplifying circuitry, which fundamentally alters signal generation ki-
netics. Unlike standard Casl3a assays where signal accumulation is
linear, our system couples collateral cleavage to T7 promoter-driven
transcription, ensuring that each recognition event initiates synthesis
of multiple target mimics that re-activate Casl3a, converting a linear
reaction into an exponential amplification cycle. Kinetic analyses
confirmed ~6-fold higher signal compared to a non-feedback Cas13a
circuit (Supplementary Fig. 14). The sensitivity of the SCOUT assay is
comparable to or exceeds that of existing multi-step CRISPR diagnostics
while eliminating the complexity, contamination risks, and high-
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temperature requirements of methods
(Supplementary Table 5).

SCOUT addresses a diagnostic challenge that previous CRISPR-based
amplification platforms, including SCOPE (Song et al., 2025), were not
designed to overcome: extraction-free detection directly from complex
clinical matrices (e.g., nasopharyngeal samples). This advancement
required the development of optimized lysis chemistry,
inhibitor-tolerant reaction conditions, variant-specific guide RNA
design, and integration into a portable, smartphone-linked point-of-care
device. Each of these elements represents a distinct engineering and
translational contribution. While SCOUT utilizes the self-amplifying
transcription architecture introduced in SCOPE, its clinical target,
sample format, and comprehensive system design establish a funda-
mentally different diagnostic context and validation standard.

Beyond sensitivity, the SCOUT assay demonstrates excellent capa-
bility in variant-resolved diagnostics. Using variant-specific crRNAs, the
platform discriminated single nucleotide polymorphisms (SNPs) asso-
ciated with major SARS-CoV-2 lineages, including Alpha, Beta, Delta,
Gamma, and Omicron (BA.1 and BA.2) (Broughton et al., 2020; Kellner
et al.,, 2019). Notably, the assay maintained high specificity in mixed
samples, detecting minor variant populations (1% abundance) against a
high background. This resolution is essential for identifying
co-infections and tracking emerging variants, tasks that typically rely on
resource-intensive genomic sequencing.

In addition to its variant-resolved capability, SCOUT's architectural
design also offers opportunities for expanded target coverage. The cur-
rent SCOUT platform uses a single-plex format (one crRNA per well),
and its 16-chamber design enables parallel detection of multiple targets
from a single sample by assigning different crRNAs to separate wells.
Future improvements may achieve true multiplexing in a single reaction
using spectrally encoded reporters or orthogonal CRISPR systems (e.g.,
Cas13a with Casl2a) to allow simultaneous multi-target detection
without cross-interference.

Clinical utility was validated using 105 patient specimens, achieving
100% concordance with RT-qPCR. Unlike lateral flow-based CRISPR
assays providing binary results, the SCOUT platform delivers quantita-
tive fluorescence readouts, offering clinically relevant viral load infor-
mation for assessing disease severity and transmission risk. Integration
into a portable, Bluetooth-enabled 16-well device with a smartphone
interface underscores readiness for field deployment. The device enables
simultaneous measurement of virus and variant strains from 16 samples
in a single run. With a reagent cost of ~$2.92 per reaction
(Supplementary Table 6) and a 40 min turnaround, the SCOUT
ecosystem offers a scalable alternative to centralized PCR testing.

Despite these results, several aspects warrant further development.
The workflow relies on a rapid lysis step; integrating streamlined solid-
phase extraction within the device could enhance robustness against
complex matrices. While the current device processes 16 samples in
parallel, scaling to higher throughput or enabling multiplex pathogen
detection in a single well would increase diagnostic value. Future work
will focus on expanding the crRNA library for emerging resistance mu-
tations and adapting the self-amplifying architecture to other Cas
effectors.

pre-amplification

4. Conclusions

In this work, we developed the SCOUT assay, a one-tube, isothermal
(37 °C) CRISPR/Casl3a diagnostic platform that integrates target
recognition, self-amplifying signal generation, and quantitative fluo-
rescence readout into a single-step, extraction-free workflow. The plat-
form achieved LoDs of 0.32-0.96 copies pL.~! for four SARS-CoV-2 gene
targets, discriminated seven S gene mutations at the single-nucleotide
level, and demonstrated 100% concordance with RT-qPCR in 105 clin-
ical specimens. Integration with a portable 16-well reader and smart-
phone application enabled field-deployable operation within 40 min.
Current limitations include the single-plex reaction format, which
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requires separate wells for each target, and the reliance on nasopha-
ryngeal swab specimens as the primary validated sample type. Future
work will focus on expanding the crRNA library for emerging resistance
mutations, developing multiplexed detection in a single reaction
through orthogonal CRISPR systems, and adapting the self-amplifying
architecture for other infectious pathogens.

5. Methods
5.1. Materials and reagents

LwaCas13a protein was purchased from GenScript (Piscataway, NJ,
USA). All oligonucleotides, including crRNAs, signaling probes, and
primers, were synthesized by Integrated DNA Technologies, Inc. (Cor-
alville, IA, USA) and Bioneer (Daejeon, Korea). The specific sequences
are listed in Supplementary Table 7. Monarch® RNA Lysis Buffer, Mu-
rine RNase inhibitor, HiScribe™ T7 High Yield RNA Synthesis Kit, and
Luna® Universal One-Step RT-qPCR Kit were obtained from New En-
gland BioLabs (Beverly, MA, USA). The 25/100 bp Mixed DNA Ladder
was purchased from Bioneer. Diethyl pyrocarbonate (DEPC)-treated
water was purchased from Thermo Fisher Scientific (Waltham, MA,
USA), and GelRed nucleic acid stain was obtained from Biotium (Fre-
mont, CA, USA). All other chemicals were of analytical grade and used
without further purification. Plasmid controls of SARS-CoV-2, SARS-
CoV, MERS-CoV, and human RPP30 and gBlocks® gene fragments of
HCoV-NL63, HCoV-229E, HCoV-OC43, HCoV-HKU1, H1N1, H3N2,
H5N2, HIN2, H3HS8, and RSV were purchased from Integrated DNA
Technologies, Inc.

5.2. Clinical specimen collection and ethics statement

A total of 105 clinical specimens were collected from patients sus-
pected of COVID-19 infection at Gyeongsang National University Hos-
pital. Nasopharyngeal aspirates were collected using nasopharyngeal
swabs, placed in 3 mL of viral transport medium (Copan Diagnostics,
Inc., Murrieta, CA, USA), and stored at —80 °C until analysis. The pro-
tocol for this study was reviewed and approved by the Institutional
Review Board of Gyeongsang National University College of Medicine,
Jinju, Korea (IRB approval number: 2020-10-002). Written informed
consent was obtained from all subjects prior to sample collection.

Although whole-genome sequencing is considered the gold standard
for definitive variant identification, it was not performed in this study
due to practical constraints related to sample availability and
sequencing resources. Instead, variant classification was conducted at
Gyeongsang National University Hospital using an RT-qPCR-based mu-
tation typing assay targeting signature mutations of major SARS-CoV-2
variants. Using this approach, 75 COVID-19-positive clinical specimens
were pre-classified into variant lineages (15 WT, 30 Delta, 9 Omicron,
and 21 Omicron BA.2), which were used as the reference standard for
comparison with SCOUT variant detection results.

5.3. Design and fabrication of the POC testing device

The portable device was designed using Autodesk Inventor (Mill
Valley, CA, USA) and fabricated via computer numerical control (CNC)
machining of aluminum alloy 6061 and injection molding of poly-
carbonate. The device integrates a heating block and a dual-channel
optical module (FAM/HEX). The optical module comprises:

e Excitation: Blue LED (C503B-BAN-CZ0A0451, CreeLED, Inc.,
Durham, NC, USA) for FAM and Green LED (C503B-GAN-CC0OD0782,
CreeLED) for HEX.

e Optics: Collimating (Roithner Laser LC12, ROITHNER LASER-
TECHNIK GmbH, Vienna, Austria)/focusing (Roithner Laser LC7 and
GS7020-2 for FAM; Roithner Laser GS7020-2 for HEX) lenses, exci-
tation bandpass filters (FF01-474/27 for FAM; FF01-529/24 for HEX,
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Semrock, Rochester, NY, USA), dichroic mirrors (Di02-R488 for
FAM; FF552-Di02 for HEX, Semrock), and emission bandpass filters
(FF01-515/30 for FAM; FF01-575/25 for HEX, Semrock).

e Detection: A photodiode (S2386-44K, Hamamatsu, Shizuoka, Japan)
aligned coaxially with the excitation path to minimize optical
distortion.

The captured signal is subsequently amplified by precision amplifiers
(OPA320 and AD8605, Texas Instruments, Dallas, TX, USA) to optimize
the signal-to-noise ratio. The heating block consists of an aluminum
holder, a polyimide film heater (main 144 W, top 24 W), and a 10 kQ
NTC thermistor (NTCG103JF103F, TDK, Tokyo, Japan). Temperature is
regulated by a microcontroller unit (MCU) using a proportional feed-
back control loop to maintain accuracy within +0.3 °C.

5.4. Signal processing and smartphone application

The device operation is controlled by an ESP32 MCU (Espressif,
Shanghai, China). A stepper motor (28BYJ-48, Kiatronics, Tauranga,
New Zealand) drives the scanning of the optical module across the 16
wells. Fluorescence signals detected by the photodiode are amplified via
a transimpedance amplifier (TIA) and a programmable gain amplifier,
filtered through a low-pass filter, and digitized by a 15-bit analog-to-
digital converter (ADS1115, Texas Instruments) at 62.5 samples s L
An Android smartphone application, developed in Java, communicates
with the device via Bluetooth. It provides a graphical user interface
(GUI) for test parameter setup, real-time visualization of fluorescence
traces, and data logging. Signal data are processed using baseline
shifting and moving average filters to ensure signal stability.

5.5. Optimization of SCOUT assay

To determine the optimal conditions for the SCOUT, reagent con-
centrations and probe designs were optimized using synthetic SARS-
CoV-2 RNA targets (500 nM). The concentrations of LwaCasl3a
(0.01-50 pM), RNase inhibitor (4-20 U/pL), T7 RNA polymerase
(1-20 pM), and signaling probe (1-100 uM) were systematically varied.
Additionally, the structural elements of the signaling probe, specifically
the length of the U loop (U2-U6) and the T7 promoter sequence length
(9-20 bp), were screened to maximize the fluorescence signal-to-
background ratio. The lysis buffer concentration in the final reaction
mixture was systematically optimized from 10% to 30%, and approxi-
mately 20% was determined as the optimal condition, balancing nucleic
acid release efficiency with preservation of Cas13a and T7 RNA poly-
merase activity (Supplementary Fig. 15).

5.6. SCOUT assay

For diagnosis, 10 pL of sample was mixed with 10 pL of Monarch®
RNA Lysis Buffer containing RNase inhibitor (16 U/pL) and incubated
for 10 min. Subsequently, 30 pL of the SCOUT Master Mix was added to
the lysed sample. The Master Mix contained: 10 pM LwaCas13a, 10 yM
crRNA, 50 pM signaling probe, 10 mM dNTP mix (ATP, GTP, UTP, CTP),
10 pM T7 RNA polymerase, 0.5x Casl3a cleavage buffer (10 mM
HEPES-Na pH 6.8, 25 mM KCl, 2.5 mM MgCl,, 2.5% glycerol), and 0.5x
RNA Pol buffer (20 mM Tris-HCI pH 7.9, 3 mM MgCly, 0.5 mM DTT,
1 mM spermidine). The reaction tube was placed in the POC device and
incubated at 37 °C for 30 min. Real-time fluorescence was monitored
and recorded by the smartphone application. For variant detection,
variant-specific crRNAs targeting S gene mutations (D614G, H69-70del,
D80A, L452R, P26S, A67V, A27S) were used instead of the WT crRNAs.

5.7. Analytical performance and mixed variant analysis

The LoD was determined by testing serial dilutions of synthetic target
RNAs (ORFla, N, S, and E). Specificity was evaluated against a panel of
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respiratory pathogens, including SARS-CoV, MERS-CoV, HCoV strains,
Influenza A/B subtypes, and RSV. To validate performance in mixed
variant samples, contrived samples were prepared by mixing WT and
variant RNAs (L452R, A67V) at ratios of 1:99 (10 copies pL’l minor:
1000 copies pL~! major) and vice versa. These mixtures were analyzed
using the SCOUT assay with variant-specific crRNAs to assess the ability
to discriminate minor variant populations.

5.8. Gel electrophoresis

To verify the reaction mechanism, 20 pL of the SCOUT reaction
product was analyzed on a 15% polyacrylamide gel. Electrophoresis was
performed in 1x Tris-borate-EDTA (TBE) buffer at a constant voltage of
120 V for 2 h. The gel was stained with GelRed nucleic acid stain and
imaged using a Geldoc Go imaging system (Bio-Rad, Hercules, CA, USA).

5.9. PCR

Reference testing was performed using the Luna® Universal One-
Step RT-qPCR kit on a CFX Connect™ Real-Time System (Bio-Rad).
The reaction mix included 1x Reaction Mix, 1x Enzyme Mix, and
400 nM of forward/reverse primers (Supplementary Table 8). The
thermal cycling protocol consisted of reverse transcription at 55 °C for
10 min, initial denaturation at 95 °C for 1 min, followed by 40 cycles of
denaturation at 95 °C for 10 s and annealing/extension at 60 °C for 30 s.
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