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Single-nucleotide variant profiling in liquid biopsy
with RECO-Cas
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Mutation detection of cell-free DNA (cfDNA) through liquid biopsy is essential for precision oncology, resistance
profiling, and informed clinical decision-making. However, its clinical application has remained limited by the lack
of simple, rapid, accurate, and cost-effective detection approaches. Here, we report a recombined DNA construct-
activated Cas12a (RECO-Cas) assay for profiling cfDNA mutations. The RECO-Cas assay uses a recombined DNA
construct generated from Argonaute-nicked mutant DNA and an artificial DNA activator to selectively trigger
CRISPR-Cas12a, enabling sensitivity and single-nucleotide resolution. Using the
assay, we detect KRAS, EGFR, and PIK3CA point mutations in cfDNA from clinical plasma samples, demonstrating
high sensitivity (90.48%) and excellent specificity (100%). We also apply it to successfully classify and identify KRAS
missense variants. RECO-Cas provides a simple, rapid, and affordable solution that is compatible with a compact,
wirelessly powered point-of-care diagnostic platform incorporating smartphone-based fluorescence detection.
This assay enables highly sensitive and specific detection of low-frequency mutations, facilitating early cancer
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diagnosis and supporting the development of personalized treatment strategies.

INTRODUCTION
Blood-based liquid biopsy is a minimally invasive approach for early
cancer detection, tissue-of-origin classification, and treatment mon-
itoring. By analyzing circulating tumor biomarkers—such as circu-
lating tumor DNA (ctDNA), circulating tumor cells (CTCs), and
extracellular vesicles—from blood samples, this approach provides
real-time insights into tumor progression and treatment response
(1-5). Despite challenges such as low biomarker abundance and lim-
ited sensitivity, ongoing technological advances continue to expand
its clinical utility, particularly for early detection and for tracking the
heterogeneity and evolutionary dynamics of cancers (6-8).
Circulating cell-free DNA (cfDNA) comprises fragmented DNA
released into the bloodstream during apoptosis and necrosis of both
normal and tumor cells (9, 10). In patients with cancer, a subset known
as ctDNA originates from malignant cells and harbors tumor-specific
genetic and epigenetic alterations, including point mutations (e.g.,
KRAS®?" and PIK3CA®*X), insertions and deletions, copy number
changes, and structural variants (11-13). Because ctDNA reflects the
tumor’s genomic profile, its analysis enables noninvasive cancer char-
acterization. ctDNA detection in liquid biopsy has demonstrated clin-
ical utility in early cancer detection, real-time monitoring of tumor
burden and treatment response, identification of actionable mutations
(e.g. EGFR*R) and detection of minimal residual disease or recur-
rence (14, 15). Unlike tissue biopsies, which are limited by sampling
constraints, cfDNA analysis captures tumor heterogeneity and allows
longitudinal assessment from small blood volumes.
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Despite widespread adoption, cfDNA mutation analysis still faces
substantial technical and practical barriers. In early-stage or low-
tumor-burden disease, ctDNA often represents <1% of total cfDNA,
pushing existing assays to their sensitivity limits (16-19). To over-
come this, most assay workflows incorporate one or more of the fol-
lowing approaches: allele-specific polymerase chain reaction (PCR)
(20), blocker-based or clamp-mediated amplicon enrichment (21),
molecular barcodes (22), and hybrid-capture sequencing (23), which
increase cost, turnaround time, and procedural complexity. For in-
stance, broad-coverage next-generation sequencing (NGS) demands
multistep library preparation, high DNA input, and intensive bioin-
formatics, whereas droplet digital PCR (ddPCR) delivers subpercent
sensitivity only for predefined loci and scales poorly (6, 24, 25). In
addition, extensive sample handling, specialized instrumentation,
and susceptibility to preanalytical variables (e.g., cfDNA fragmenta-
tion, genomic DNA carryover, and degradation) restrict routine or
decentralized use. These limitations underscore the need for a stream-
lined, enrichment-free platform capable of quantifying rare muta-
tions directly from microliter-scale cfDNA with high sensitivity and
specificity, using minimal instrumentation, to enable simple and af-
fordable point-of-care (POC) diagnostic applications in resource-
limited settings.

Programmable endonucleases such as CRISPR-Cas9/12a and
Argonaute proteins (e.g., TtAgo) have shown potential utility in cfDNA
mutation detection because of their sequence-specific cleavage activ-
ity. Cas9-based assays [e.g., dCas9-based minor-allele enrichment
(26) and CRISPR-CPPC (27)] couple DNA cleavage with PCR or
specifically capture mutant cfDNA to amplify mutant allele fractions,
enabling sensitive detection of known variants. However, because
Casl2a’s trans-cleavage activity is nonspecific, it is unsuitable for di-
rect mutation enrichment; moreover, its mismatch tolerance hampers
single-nucleotide variant (SNV) discrimination, leading to false posi-
tives in the direct detection of mutant sequences (28). Conversely, Ar-
gonaute proteins cleave single-base mismatches with high fidelity and
has been applied to DNA mutation detection by depleting wild-type

10f 14

9202 ‘€2 eIl uo BI0"30UB 105" MMM//:SAN WO | PaPe0 JUMOC]


mailto:chaliu@​uchc.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.aed1757&domain=pdf&date_stamp=2026-05-22
Jin Wang


SCIENCE ADVANCES | RESEARCH ARTICLE

alleles to enrich rare variants, as in A-Star (29) and NAVIGATER
(30). Yet, because Argonaute proteins lack inherent signal amplifica-
tion, it still requires advanced instruments—such as ddPCR systems
or NGS platforms—for mutant sequence detection.

Here, we report a recombined DNA construct-activated Cas12a
(RECO-Cas) assay to profile cfDNA mutations, enabling simple,
sensitive, and accurate SNV detection in liquid biopsy. RECO-Cas
integrates recombinase polymerase amplification (RPA), TtAgo-
mediated precise cleavage of mutant DNA, and CRISPR-enabled
signal amplification. To streamline the workflow, we combine target
DNA amplification with TtAgo-mediated recognition and cleavage
in a single-tube format. In the assay, the mutant allele is first ampli-
fied and cleaved, while wild-type DNA remains intact. The resulting
nicked mutant allele then hybridizes with the Cas12a/CRISPR RNA
(crRNA)/single-stranded DNA (ssDNA) activator complex, specifi-
cally triggering Casl2a trans-cleavage activity and amplifying the de-
tection signal. RECO-Cas achieves sensitivity down to 0.01% variant
allele frequency (VAF). Using the assay, we simultaneously detect
multiple mutations in cfDNA extracted from a single patient plasma
sample because of its sequence-specific signal amplification, enabling
SNV profiling for early cancer detection. We further incorporate
RECO-Cas into a compact, wirelessly powered diagnostic platform
and detect fluorescence signals using an artificial intelligence (AI)-
powered smartphone, highlighting its potential for minimally instru-
mented POC testing. In summary, the RECO-Cas assay enables
simple, rapid, enrichment-free detection of low-frequency cfDNA
mutations, providing a robust and scalable solution for liquid biopsy,
well suited to resource-limited settings.

RESULTS
Overall RECO-Cas workflow
The RECO-Cas assay combines cfDNA isothermal amplification,
TtAgo sequence-specific cleavage, and CRISPR-Cas12a-enabled sig-
nal amplification detection. It mainly consists of two steps: (a) a one-
pot RPA-TtAgo reaction, in which a multiphase reaction system
couples RPA amplification with TtAgo cleavage to enable selective
nicking of mutant cfDNA amplicons while leaving wild-type ampli-
cons intact [Fig. 1A (a)], and (b) mutant-specific CRISPR detection
using a recombined DNA construct of nicked mutant DNA and arti-
ficial ssDNA (termed “ssDNA activator”). In the presence of mutant
cfDNA, the Cas12a-crRNA complex recognizes the recombined DNA
construct, inducing Cas12a conformational activation and subsequent
trans-cleavage, thereby amplifying the fluorescence signal of mutant
cfDNA. In contrast, even in the presence of ssDNA activators, intact
wild-type DNA remains double-stranded and fails to unwind for
crRNA recognition, thereby preventing Cas12a activation and subse-
quent reporter cleavage [Fig. 1A (ii)]. Although preanalytical steps
such as plasma separation and DNA extraction require minimal
bench-top instrumentation, we streamlined the downstream SNV
detection workflow to make cfDNA analysis more compatible with
POC early cancer detection (Fig. 1B). To eliminate the need for
expensive instrumentation, we integrated the assay into a compact,
wirelessly powered diagnostic platform, where fluorescence signals
are detected using an Al-powered smartphone, enabling POC diag-
nostics in resource-limited settings.

The RECO-Cas assay offers key technical advantages for SNV de-
tection. First, it provides highly specific mutation detection by lever-
aging the highly selective cleavage activity of the TtAgo-guide DNA
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complex (30). By strategically introducing a single-base mismatch
within the guide DNA, we enabled TtAgo to distinguish and nick
DNA mutants with single-nucleotide resolution, even within a com-
plex background of wild-type or unrelated sequences. This strategy
selectively introduces nicks into mutant DNA. In addition, 3’-terminal
phosphorylation of the guide DNA further improves the specificity of
cleavage and inhibits DNA extension by the DNA polymerase in the
RPA reaction solution. Second, RECO-Cas achieves high detection
sensitivity [low limit of detection (LoD)] with minimal background
through two key mechanisms: (i) The absence of a nick causes wild-
type DNA to retain its duplex structure, preventing spontaneous
unwinding of the crRNA recognition region and thereby blocking
crRNA binding and downstream activation, and (ii) Cas12a tolerates
short ssDNA activators, and its trans-cleavage activity is not triggered
(31). Only in the presence of nicked mutant DNA can the ssDNA ac-
tivator form a recombined DNA structure and specifically bind the
Cas12a-crRNA complex, triggering Cas12a DNase activity for fluores-
cence signal amplification. Owing to these unique features, RECO-
Cas is capable of accurate profiling of multiple cancer mutations while
achieving highly precise SNV detection.

Validation and optimization of the RECO-Cas assay

The RECO-Cas assay uses recombined TtAgo-nicked mutant DNA
together with an ssDNA activator to specifically activate CRISPR-
Casl12a for cfDNA mutation detection. To evaluate the design ratio-
nale, we first tested synthetic nucleotides corresponding to KRAS“'??
and wild-type KRAS (KRAS™T). When ssDNA was used as input,
RECO-Cas failed to discriminate between mutant and wild-type al-
leles, as end-point fluorescence signals showed no substantial differ-
ence (fig. S1). By contrast, double-stranded DNA achieved robust,
allele-specific detection of the mutant sequence. Mechanistically,
RECO-Cas relies on spontaneous unwinding of the mutant allele
at the crRNA recognition region near the nick, thereby facilitating
crRNA hybridization. We further hypothesized that using dual guide
DNAs targeting both strands of the mutant sequence could enhance
assay performance. To test this, we introduced an additional guide
DNA targeting the antisense strand of the mutant allele for selective
nicking. Compared to the single-guide DNA setup, fluorescence sig-
nals increased; however, the assay failed to distinguish the mutant al-
lele (Fig. 2, A to E). A likely explanation is that the guide DNA
targeting the antisense strand formed a quaternary complex with the
activator and Cas12a-crRNA, which disrupted specific recognition.
Next, we compared and optimized the concentrations of both fluores-
cence ssDNA reporters and activators. We found that using a higher
concentration of reporters and a lower concentration of activators
produced the strongest fluorescence signal, characterized by an in-
crease over time (figs. S2 and S3). We further evaluated the optimized
assay by systematically controlling the reaction composition (fig. S4).
We observed the highest analytical signal only when all components
(nicked target DNA, Casl2a, crRNA, and activator) were present,
whereas omission of any single component abolished the signal, con-
firming assay specificity.

After validating the assay design, we proceeded to optimize the
one-pot RPA-TtAgo reaction (Fig. 2F), in which RPA amplification
and TtAgo cleavage occur in the same tube but are spatially sepa-
rated through density regulation by glycerol. First, we evaluated the
fidelity of RPA amplification to ensure that no amplification errors
were introduced. Sanger sequencing confirmed the high fidelity of
RPA in preserving the target mutation sequence (fig. S5). We then
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Fig. 1. RECO-Cas. (A) RECO-Cas mechanism. The assay combines a one-pot RPA-TtAgo reaction with mutation-specific Cas12a trans-cleavage detection: (a) cfDNA is first
amplified by RPA, after which the TtAgo-guide DNA complex selectively recognizes and cleaves the mutant amplicons, introducing a nick into mutant DNA while leaving
wild-type DNA intact. (b) The resulting nicked product is introduced into the Cas12a reaction, containing the ssDNA activator and Cas12a-crRNA. Cas12a-crRNA specifi-
cally recognizes the recombined construct of the ssDNA activator and nicked mutant DNA, forming a quaternary complex that activates Cas12a trans-cleavage of a
fluorophore-quencher reporter, thereby generating a fluorescence signal. (B) RECO-Cas workflow for POC diagnostics using a compact, wirelessly powered diagnostic
platform and an Al-powered smartphone. The assay produces molecular information within ~60 min, enabling same-day clinical diagnosis. Created in BioRender. C. Guo

(2026), https://biorender.com/e5zim2v.

optimized the concentration of TtAgo to maximize signal intensity
(Fig. 2, G and H). In Fig. 2G, we monitored real-time fluorescence
from the one-pot RPA-TtAgo reaction using a single guide DNA
while varying TtAgo concentrations. Higher concentrations of TtAgo
consistently produced stronger fluorescence signals (P < 0.001).
In Fig. 2H, to generate an analyzable DNA sequence for Sanger se-
quencing, we used dual guide DNAs targeting both strands of the
mutant allele, with the amount of TtAgo enzyme doubled accord-
ingly. The results were consistent with the fluorescence data, showing
that nearly all mutant alleles were cleaved. In addition, discrimina-
tory cleavage of the mutant sequence was not affected in the one-pot
reaction system (Fig. 2I). Because high-viscosity glycerol can poten-
tially affect RPA amplification (32), we next determined the effect
of glycerol concentration on the one-pot RPA-TtAgo reaction. As
shown in Fig. 2], fluorescence readouts differed significantly among
conditions (P < 0.001). A 10% glycerol layer produced the strongest
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signal, whereas 5% glycerol did not improve fluorescence, and 20%
glycerol substantially inhibited the RPA reaction. The likely explana-
tion is that lower-viscosity solutions permit RPA components to diffuse
rapidly into the TtAgo layer, partially inhibiting cleavage. Consistent
with this hypothesis, Sanger sequencing in Fig. 2K confirmed reduced
TtAgo activity in reactions containing 5% glycerol. Overall, these opti-
mizations established the optimal conditions for RECO-Cas, ensuring
robust performance in cfDNA mutation detection.

RECO-Cas assay characterization

RECO-Cas achieved high selectivity through the specific recogni-
tion of crRNA, activator, and nicked mutant alleles, enabling reliable
analysis of cfDNA samples with low VAFs. Using the optimized pro-
tocol, we assessed the assay’s analytical performance across a range
of VAFs. We detected the KRAS®’?” mutant allele in both synthetic
oligonucleotides and diluted cfDNA reference standards at a VAF as
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Fig. 2. Optimization of the one-pot RPA-TtAgo reaction. (A) Schematic of the single-guide DNA bound to the KRAS®'?° target sequence, highlighting the single mis-
match at the mutation site (T/G). The cleavage site is indicated by scissors. (B) Real-time fluorescence signals over time for samples containing 100% mutant (green), 0%
mutant (wild type; red), and no-template control (NTC; black). a.u., arbitrary units. (C) Schematic of dual-guide DNA complexes targeting both flanks of the KRAS®'? se-
quence, increasing detection sensitivity. (D) Real-time fluorescence signals showing weak discrimination between 100% mutant and 0% mutant samples. The reaction
exhibited a steep increase in fluorescence for both the mutant and wild type but no end point distinction. (E) End point fluorescence signal after 60 min for the 100 and
0% KRASC®'?° fractions. (F) Schematic illustration of the one-pot RPA-TtAgo reaction. The inset shows an image of the reaction components and final product within the
one-pot setup. (G) Real-time fluorescence signals of 50% synthetic KRAS®'?P samples treated with varying concentrations of TtAgo. (H) Comparison of Sanger sequencing
chromatograms of synthetic 50% KRAS®'?® samples after treatment with different concentrations of TtAgo in the one-pot RPA-TtAgo reaction. (I) Denaturing polyacryl-
amide gel electrophoresis of degradation products from synthetic KRAS®'?® and KRAS" targets in the one-pot RPA-TtAgo reaction. (J) Effect of glycerol concentration on
the RPA-TtAgo reaction. (K) Comparison of Sanger sequencing chromatograms of one-pot reaction products with varying glycerol concentrations. Created in BioRender.
C. Guo (2026), https://biorender.com/e5zim2v.
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low as 0.01% (Fig. 3A and figs. S6 and S7), demonstrating perfor-
mance comparable to digital PCR and sequencing (17, 33). RECO-
Cas achieved attomole-level sensitivity for synthetic KRAS®'?" with
performance comparable to TagMan PCR (Fig. 3B). Because the
two assays use different fluorescent reporters and thus have distinct
background levels, we quantified Afluorescence (end point minus
baseline) as a normalized readout to enable a fair comparison. This
high analytical sensitivity enables the reliable detection of rare mu-
tations in low-input samples such as plasma-derived cfDNA.
Notably, RECO-Cas also demonstrated excellent sequence speci-
ficity, enabling precise classification of single-nucleotide missense
mutations. Given that KRAS is one of the most frequently studied
oncogenic drivers in cancer, we selected it as a model target to evalu-
ate the detection specificity of RECO-Cas. To assess its ability to dis-
criminate between sequences differing by a single nucleotide, we
specifically designed guide DNAs and crRNAs for KRAS" " and three
clinically relevant mutant subtypes, including KRAS'??, KRASG'?,
and KRAS'?* (figs. S8 to $10). RECO-Cas consistently produced
high signal-to-background ratios, effectively distinguishing on-target
from off-target samples even at VAFs as low as 1% with target con-
centrations of 50 nM (Fig. 3C). To demonstrate its versatility, we

also desiEgned and validated guide DNAs targeting EGFR"***® and
PIK3CA®*K demonstrating excellent nicking specificity (figs. S11
and 12). Leveraging Cas12a’s tolerance for short ssDNA activators
and the exceptional specificity of crRNA, we developed a multiplexed
RECO-Cas platform that enables simultaneous identification of di-
verse mutant alleles. To create a multiplexed RECO-Cas assay, we
performed TtAgo cleavage on all three target mutant alleles in a single
tube and then distributed the reaction into three separate tubes for
the subsequent CRISPR detection. Each mutant allele was present at
a concentration of 50 nM (Fig. 3D and fig. S13). Collectively, these
results highlight the potential of RECO-Cas for accurate SNV muta-
tion detection and classification with high sensitivity and specificity.

Multicancer early detection

Circulating cfDNA liquid biopsy has emerged as a promising nonin-
vasive approach for early cancer detection across multiple tumor
types; however, its clinical utility is limited by low ctDNA levels in
early-stage disease, reduced sensitivity in low-shedding tumors, and
challenges in distinguishing malignant from benign signals (6, 34-
36). We therefore hypothesized that the high sensitivity of RECO-Cas
could enable early cancer detection through cfDNA liquid biopsy. To
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Fig. 3. RECO-Cas assay characterization. (A) A mixture of KRAS"" and KRAS®'? synthetic DNA was prepared at varying VAFs. RECO-Cas detected KRAS®'?? down to 0.01% VAF,
yielding a signal significantly above the background (P < 0.001). (B) RECO-Cas (70 min) and TagMan PCR (45 cycles) detected synthetic KRAS®'?® at varying concentrations.
Bars represent mean values from technical triplicates. AFluorescence: end point fluorescence minus baseline. (C) The specificity of guide DNA and crRNA targeting
KRAS"T and KRAS®'?P, KRASC™?A, or KRASC™?” was assessed. At a target concentration of 50 nM, RECO-Cas produced high signal contrast between matched and mismatched
targets. The heatmap displays mean values from technical triplicates. (D) Multiplex mutation detection of KRASC'?P, PIK3CAF*K and EGFR'656R by RECO-Cas. Blue rectan-

gles indicate a negative signal, and pink rectangles indicate a positive signal.
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test this, we applied RECO-Cas to detect cfDNA samples from pa-
tients who have cancer with confirmed KRAS/PIK3CA/EGFR mis-
sense mutations (KRASGIZD , KRASY'?Y KRASY'?A, PIK3CAP**K and
EGFR"®R; table S1) and from healthy donors.

We first validated the detection performance of RECO-Cas using a
commercial non-small cell lung cancer ctDNA reference standard and
a wild-type negative control. We evaluated three primer sets that gen-
erated amplicons of different lengths and found that the 94-base pair
amplicons produced stronger fluorescence signals in the RECO-Cas
assay (fig. S14), consistent with the ~167-base pair mononucleosomal
size distribution of plasma cfDNA, which favors shorter targets (37-
40). We monitored time-resolved fluorescence signals (Afluorescence)
for both KRAS“"?P and KRAS" fragments (fig. S15). RECO-Cas pro-
duced consistently higher fluorescence for the KRAS“'?? fragment,
with a variant/wild-type ratio of 0.14, compared to 0.05 in the negative
control. These data show that cfDNA from the reference standard pro-
duced a robust RECO-Cas signal for KRAS®"? detection, confirming
reliable detection of this missense mutation.

We then applied RECO-Cas to analyze cfDNA extracted from plas-
ma samples of patients with cancer. We collected and tested samples
with confirmed KRAS missense mutations (KRAS®?P, KRASS'?, and
KRASS'?4; n = 18). As a control, we assessed cfDNA samples extracted
from healthy donors (n = 10). To establish the negativity threshold of
the ratio for determining whether the assay identified a sample as pos-
itive for a KRAS mutation, we calculated the variant/wild-type ratio in
patients who have cancer with KRAS"” (n = 10). We pooled the data
from c¢fDNA samples without KRAS mutations and from healthy do-
nors in a bar chart (fig. S16). We next set the threshold for KRAS muta-
tion negativity as mean + 3 X standard deviation (SD) (threshold,
0.098). Applying this threshold, we effectively classified samples
by KRAS mutation status, identifying 16 of 18 samples as KRAS mu-
tation positive (Fig. 4A) and further resolving the specific KRAS
mutation types present in each sample (Fig. 4B). In addition, we vali-
dated RECO-Cas in patients with cancer harboring EGFR**® and
PIK3CA®#K (Fig. 4A). Thus, the RECO-Cas assay demonstrated a
sensitivity of 90.48% [95% confidence interval (CI): 69.62%, 98.83%]
and a specificity of 100% (95% CI: 69.15%, 100%) in clinical samples.
Receiver operating characteristic analysis showed high diagnostic per-
formance, with an area under the curve of 0.972 (Fig. 4C). Overall,
these findings highlight the potential of RECO-Cas for detecting early-
stage tumors, minimal residual disease, and recurrence, particularly in
cases with known mutations.

SNV detection of cfDNA

KRAS mutations are among the most common oncogenic altera-
tions found in various cancers, including colorectal (41), lung (42),
and pancreatic cancer (43). KRAS mutations promote tumor growth
by activating key signaling pathways such as mitogen-activated pro-
tein kinase (44) and phosphatidylinositol 3-kinase (45). Identifying
KRAS mutations is essential for guiding treatment, as KRAS-mutant
cancers often resist EGFR-targeted therapies (46). With the rise of
targeted therapies and clinical trials, identifying KRAS mutations
through genotyping is essential for personalized cancer care. RECO-
Cas offers a minimally invasive, accessible, and accurate approach for
streamlined KRAS profiling. To determine the feasibility of SNV de-
tection, we applied RECO-Cas to analyze KRAS mutations, focusing
on nucleotide substitutions at position c.35 that give rise to different
missense variants (KRASY'?P, KRAS“?Y, and KRAS®'?4) through
distinct base changes.

Guo et al., Sci. Adv. 12, eaed1757 (2026) 22 May 2026

We first validated the guide DNA and crRNA for KRAS RECO-
Cas with synthetic nucleotides (Fig. 3C and fig. S17). We then applied
RECO-Cas to a clinical study as outlined in Fig. 4D. We collected
plasma samples from patients with cancer and extracted cfDNA us-
ing a spin column method. The extracted cfDNA was then subjected
to the RECO-Cas assay using four pairs of guide DNAs and crRNAs
targeting KRAS", KRAS'?", KRAS?'?", and KRAS®'?*, Figure 4 (E
and F) shows the identification of KRAS missense variants in the
ctDNA reference standard using the RECO-Cas assay. The variant/
wild-type ratios for KRAS®?" and KRAS“™?" were 0.264 and 0.124,
respectively, both exceeding the detection threshold. These results
confirmed successful detection of KRAS“*” and KRAS“"?" muta-
tions, consistent with the mutation types documented in the refer-
ence standard manual. In contrast, assays using guide DNA + crRNA
targeting KRAS“** or nonguide DNA + KRAS"" crRNA yielded
variant/wild-type ratios below the threshold, consistent with the
KRAS“"**_negative status of the reference material. These observa-
tions support the rationale for assessing tumor KRAS missense vari-
ants using RECO-Cas profiling.

We further validated the classification of tumor missense variants
in 18 patients who have cancer with KRAS mutations (KRAS®?P,
n = 9; KRAS“'?Y, n = 5; KRAS®'?A, n = 4) using RECO-Cas. cfDNA
samples were subjected to RECO-Cas analysis with four pairs of
guide DNAs and crRNAs, each targeting a specific KRAS missense
variant as well as the wild-type sequence. Figure 4G shows the per-
formance of RECO-Cas in classifying KRAS missense variants. In the
KRAS“?P guide DNA and crRNA treatment group, eight of nine
confirmed patients with KRAS®'?? were correctly diagnosed, with
one being false negative but no misclassifications from other muta-
tion groups. For the KRAS®'?V Gguide DNA and crRNA treatment,
four of five patients with KRAS“'?" were correctly identified, while
one was misdiagnosed; additionally, one patient showed a variant/wild-
type ratio above the threshold for both KRAS®'?” and KRAS“?Y, re-
sulting in dual positive signals. All patients with KRAS®’?4 mutations
were accurately classified, and no patients with KRAS®? or KRAS®'?Y
were misclassified as KRAS®"?*. Results from several cases highlight
the value of cfDNA mutation profiling for cancer diagnosis and guid-
ing clinical therapy decisions. For example, a 65-year-old female
diagnosed with colorectal cancer showed dual-positive signals of
KRAS™P and KRAS"?Y by RECO-Cas (fig. S18), consistent with a
case report describing the coexistence of KRAS®'?P- and KRAS"?"-
bearing subclones within the same tumor (47), indicative of intratu-
moral heterogeneity. Missense variant classification using RECO-Cas
in patients with cancer could guide targeted therapy, for example, by
identifying candidates for KRAS®'?? inhibitors such as MRTX113
(48, 49), currently in phase 1/2 clinical trials (NCT05737706) (50),
thereby sparing patients from ineffective treatments like cetuximab
or panitumumab (51) and supporting the selection of alternative or
combination regimens following surgery. Furthermore, these SNV
detection results highlight the potential of the RECO-Cas assay to
develop a cfDNA-based prognostic metric to guide treatment selec-
tion, clinical trial enrollment, drug matching, and the duration of
adjuvant therapy.

Integration of the RECO-Cas assay into a wirelessly powered
POC diagnostic platform

Because of its simplicity, rapidity, and low cost (table S2), RECO-Cas
is highly suitable for minimally instrumented, POC applications
in resource-limited settings by integrating with a simple, compact
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Fig. 4. Clinical validation of RECO-Cas. (A) Waterfall plot showing clinical assay of plasma collected from healthy donors (n = 10) and patients diagnosed with mutations:
KRASC'P (n=9), KRASC'?V (n=15), KRASC'#A (n=4), EGFR“658% (n=1),and PIK3CAE#5K (n = 2). Data are displayed as the means + SD from triplicate measurements. (B) The
variant/wild-type ratio (= KRAS™"/KRAS") in patients with KRASM" was substantially higher than in patients with KRAS"" (wild-type KRAS) and healthy donors (P < 0.001). Data
are displayed as the means from triplicate measurements. (C) Receiver operating characteristic curve generated from the diagnosis results of 21 clinical samples and
10 healthy donors. AUC, area under the curve. (D) Workflow of RECO-Cas in mutant nucleotide sequencing. cfDNA was extracted from the plasma samples and amplificated
by RPA, and amplicons were selectively cleaved by TtAgo in the presence of four pairs of guide DNAs. The cleavage product was then quantified by the Cas12a reaction.
Real-time fluorescence analysis (E) and bar graph (F) demonstrating RECO-Cas detection of KRAS single-nucleotide missense mutations in ctDNA reference standards con-
taining 1% KRAS®™?P and 0.5% KRAS®'?". With KRAS®'?® and KRAS®™? guide DNAs, the variant/wild-type ratio exceeded both KRAS®'* guide DNA and nonguide DNA treat-
ments, surpassing the predetermined positivity threshold, confirming that KRAS®'?® and KRAS®'?” are detectable in the ctDNA reference standard. (G) KRAS nucleotide

sequencing results in patients with cancer. Amplicons from each patient were analyzed with four pairs of guide DNAs targeting KRAS®'??, KRASC™?Y, KRASC'?A, and KRA

SWT,

Variant/wild-type ratios were collected. Two of 18 patients were misclassified as negative (false negatives), resulting in missed diagnoses; none of the patients were misclas-
sified as carrying other synonymous substitutions. Data are the means from triplicate measurements. Created in BioRender. C. Guo (2026), https://biorender.com/e5zim2v.
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diagnostic platform. To demonstrate its feasibility in such settings, we
designed and developed a compact, 3D-printed diagnostic platform
integrated with an Al-powered smartphone (Fig. 5A). The platform
integrates a miniature heater for incubation and a light-emitting di-
ode (LED) with fluorescence filters for signal detection. To enable
convenient and continuous operation, the POC diagnostic platform
can be wirelessly charged. To eliminate the need for expensive optical
detection equipment, we programmed a smartphone with an AI-
powered application for fluorescence recording, image processing,
and quantitative fluorescence detection (Fig. 5A). To enhance the
fluorescence signal and minimize background noise while maintain-
ing a compact platform design, we placed the excitation filter beneath
the reaction tubes and captured fluorescence images from the side
through an emission filter (Fig. 5B). The AI-powered smartphone app
uses an algorithm that identifies the region of interest (ROI) by trac-
ing the contour of each PCR strip tube, thereby minimizing back-
ground interference. To further improve signal specificity, the app
refines the ROI to exclude peripheral regions with mean pixel intensi-
ties indistinguishable from background noise. The finalized ROIs are
then digitized for quantitative fluorescence analysis (Fig. 5C). We
then evaluated the smartphone-based POC platform for its LoD us-
ing RECO-Cas reactions. We recorded fluorescence signals across se-
rial dilutions of synthetic KRAS“'?? sequences, with corresponding
signal quantification shown in Fig. 5D. For each clinical sample, we
measured two fluorescence signals using the platform: one corre-
sponding to the wild-type allele and the other to the variant sequence.
We applied the ratio of variant to wild-type fluorescence intensity to
determine the patient’s status as either healthy or cancer-diagnosed.
Using this protocol, we analyzed a dilution series of KRAS“?" in a
KRAS"T background and observed a broad, nonlinear detection range
from 0.01 to 100% KRAS®?", showing good performance of the pro-
totype platform for mutant nucleotide detection. Notably, we detect-
ed significant differences between the 0.01 and 0% groups, even when
fluorescence signals were not visually discernible in the captured im-
ages (Fig. 5E).

As a proof of concept for clinical applications, we first evaluated the
POC platform to detect KRAS mutations in cfDNA extracted from
plasma samples of three healthy donors and nine patients who have
cancer with KRAS single-nucleotide missense mutations (KRAS“"?,
n = 3; KRAS®™?Y, n = 3; KRAS®™?4, n = 3). We tested cfDNA samples
from healthy donors using KRAS"" and KRAS®"*" guide DNA and
crRNA, and we treated the cfDNA from patients who have cancer with
mutation-matched guide DNA and crRNA targeting their respective
KRAS variants. As shown in Fig. 5 (F and G), the platform successfully
detected mutations in the captured images and distinguished patients
with cancer from healthy donors, consistent with the diagnostic results
obtained from RECO-Cas assays performed on a quantitative PCR
(gPCR) machine. In addition to detecting known mutations, we fur-
ther validated the platform’s ability to classify single-nucleotide mis-
sense mutations. We treated a ctDNA reference standard with four
pairs of guide DNA and crRNA, and the resulting fluorescence images
(fig. S19) confirmed accurate classification of the mutant nucleotides
by the diagnostic platform, consistent with the results obtained from
qPCR machine analysis. To assess clinical applicability, we applied the
platform to detect cfDNA samples extracted from healthy donors and
patients who have cancer with known KRAS mutations. The compact
diagnostic platform successfully classified all patients with cancer
(Fig. 5, H and I, and fig. S20), demonstrating reliable mutation dis-
crimination in a clinical context. In summary, this proof-of-concept

Guo et al., Sci. Adv. 12, eaed1757 (2026) 22 May 2026

study demonstrates the potential of the compact POC diagnostic plat-
form as a simple, low-cost, and scalable solution for developing next-
generation molecular diagnostic tools for cancers, particularly in
resource-limited or decentralized health care settings.

DISCUSSION

Our results indicate the potential of the RECO-Cas diagnostic plat-
form as a user-friendly and highly specific platform for detecting
cancer-associated SNVs of ¢fDNA in liquid biopsy, overcoming
limitations of mismatch tolerance in Cas12a and lack of signal ampli-
fication in TtAgo-based systems. We evaluated the clinical perfor-
mance of RECO-Cas using plasma samples from patients with cancer
and healthy donors. The platform successfully detected mutant alleles
at 0.01% VAF, demonstrating ultrasensitive detection capabilities. In a
proof-of-concept study involving 21 samples from patients with can-
cer and 10 healthy donors, RECO-Cas detected mutant cfDNA in 19
samples and achieved a clinical sensitivity of 90.48% (95% CI: 69.62 to
98.83%) and a specificity of 100% (95% CI: 69.15 to 100%). Notably,
we validated the performance of RECO-Cas in discriminating single-
nucleotide missense mutations at the KRAS locus using 18 clinical
plasma samples. Among these, 16 samples were accurately classified
according to their known mutation status. One sample was identified
as dual-positive for both KRAS®?” and KRAS“"?".

Previous approaches have applied either Cas12a-based signal am-
plification or Argonaute-mediated mutation discrimination, yet each
alone suffers from key limitations—mismatch tolerance and lack of
signal amplification (26, 27, 29, 30, 52). Most of these methods re-
quire a separate DNA degradation step or involve additional proce-
dures to identify the mutant sequence, which limits their applicability
in resource-limited settings. For example, the NAVIGATER assay
achieves ultrasensitive detection of mutant alleles (~1 copy) for can-
cer diagnosis but relies on two distinct steps, cfDNA amplification
and wild-type sequence degradation, and requires xeno nucleic acid
PCR for mutation identification, which constrains its practicality for
clinical settings (30). An Argonaute-integrated single-tube PCR sys-
tem enables ultrasensitive detection of rare mutations by combining
preamplification and wild-type sequence degradation in a single re-
action. However, the reliance on thermal cycling and complex instru-
mentation for mutation identification limits its applicability in POC
settings (29). Last, an RPA-based ID-CRISPR assay detected the
EGFR™*®® mutation with a 0.1% VAF LoD, which remains less sensi-
tive than established methods. The reduced specificity stems from
Casl2a’s high mismatch tolerance, allowing cleavage of near-target
sequences and effectively limiting the LoD for SNV detection (53, 54).
Compared with the widely used ddPCR platform, RECO-Cas differs
across multiple critical resource dimensions—including overall work-
flow complexity, labor requirements, key reagents, per-sample reagent
cost, required equipment, sample throughput, runtime, sensitivity,
and quantification capability (table S3). In contrast, in the RECO-Cas
assay described here, we integrated the one-pot RPA-TtAgo cleavage
reaction with trans-cleavage signal amplification by CRISPR-Cas12a,
allowing this platform to provide a simple, highly sensitive, and spe-
cific approach for mutation profiling directly from c¢fDNA, advanc-
ing its utility in precision oncology and liquid biopsy.

cfDNA is a rich source of tumor-derived molecular information
and enables accurate cancer diagnosis across various stages (55).
Mutant cfDNA levels typically decrease after treatment initiation
and remain stable or rise during resistance or disease progression,
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Fig. 5. Assessment of the RECO-Cas assay for POC testing by a compact wirelessly powered diagnostic platform integrated with an Al-enabled smartphone.
(A) Photograph of a compact, wirelessly powered prototype platform for CRISPR-based fluorescence detection using an Al-powered smartphone app. End point fluores-
cence image of a KRASYT sample treated with either KRAS"T guide DNA (right) or KRASC12P guide DNA (left). The white dotted line represents the fixed position of the
RECO-Cas reagents. (B) 3D schematic rendering of the POC diagnostic platform, illustrating its key components. (C) Workflow for optimizing ROI detection. (D) Represen-
tative end point fluorescence images (top) and corresponding standard curve (bottom) for detection of synthetic KRAS®'?? at varying concentrations. Data are shown as
the means + SD (n = 3). (E) Representative end point fluorescence images (top) and corresponding standard curve (bottom) for detection of synthetic KRAS®™?P in a
background of KRAS"T across a dilution series (0.01 to 100%). Data are shown as the means + SD (n = 3). (F and G) Representative end point fluorescence images (F) and
scatter dot plots (G) for detecting three KRAS mutations in cfDNA extracted from plasma samples of healthy donors (n = 3) and patients who have cancer with KRAS®'?°,
KRASG”V, or KRASC'A (n =3 each) using the RECO-Cas platform. Scatterplots were generated from background-corrected mean fluorescence intensities normalized to the
KRAS"T guide DNA signal: variant/wild-type = fluorescence (variant guide DNA)/fluorescence (wild-type guide DNA). (H) Representative end point fluorescence images
for classifying three KRAS SNVs in cfDNA extracted from plasma samples of healthy donors and patients who have cancer with KRAS®'?2, KRAS®'?Y, or KRAS®'?A using the
RECO-Cas platform. (I) Scatterplots presenting sequencing of KRAS SNVs in cfDNA extracted from plasma samples of healthy donors (n = 3) and patients who have cancer
with KRASG’ZD, KRASG’ZV, or KRASC'#A (n = 3 each) using the RECO-Cas platform. Data are the means from triplicate measurements.
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supporting its utility for monitoring therapeutic response and disease
dynamics (56, 57). Despite its value, plasma cfDNA is often present at
very low concentrations and is diluted by abundant wild-type cfDNA,
posing challenges for sensitive detection (58). Given these attributes,
cfDNA-based assays are considered highly promising for noninvasive
cancer diagnostics despite their reliance on complex sample process-
ing steps such as mutation enrichment and high-throughput sequenc-
ing (18, 23, 59). The RECO-Cas technology can overcome these
limitations by coupling one-pot RPA-TtAgo reaction with CRISPR
detection. (i) RECO-Cas achieves single-nucleotide specificity through
mismatch-intolerant enzymatic cleavage by TtAgo. (ii) RECO-Cas in-
tegrates RPA amplification with TtAgo cleavage in a one-pot format to
streamline the workflow. (iii) The isothermal reaction conditions and
Casl2a-based fluorescence readout make the platform well suited for
POC applications. These advantages support the integration of RECO-
Cas into routine preclinical and clinical workflows.

The clinical validation results highlight the clinical potential of
RECO-Cas as a precision diagnostic tool for guiding targeted cancer
therapies through accurate cfDNA-based mutation profiling. RECO-
Cas achieves single-nucleotide resolution at the KRAS locus and ful-
fills a critical need for selecting and monitoring patients eligible for
mutation-specific treatments, such as MRTX1133 and QTX3034 for
advanced solid tumors harboring KRAS®'? (50, 60), or combination
therapies like vebreltinib and osimertinib in patients with EGFR"***X-
mutated non-small cell lung cancer (61). RECO-Cas distinguishes
closely related missense mutations directly from plasma cfDNA and
enhances its utility in refining therapeutic decision-making, particu-
larly in cancers where mutation subtype dictates drug sensitivity or
resistance. In addition, the detection of dual-positive samples suggests
that RECO-Cas may also capture intratumoral heterogeneity and sub-
clonal variation, factors increasingly recognized as critical determi-
nants of treatment response and disease progression (62). With its
high sensitivity, single-nucleotide specificity, and operational sim-
plicity, RECO-Cas offers a promising solution for routine clinical im-
plementation in early diagnosis, therapy selection, and longitudinal
monitoring of minimal residual disease.

The future of cancer diagnostics lies in systems that can resolve
clinically actionable mutations from minute amounts of cfDNA with
minimal instrumentation, enabling real-time decision-making across
diverse health care settings. Therefore, we developed a compact, wire-
lessly powered, smartphone-based POC diagnostic platform to dem-
onstrate a minimally instrumented RECO-Cas assay. The development
of the POC platform demonstrates the engineering versatility and
translational potential of the RECO-Cas assay. By integrating a wireless
power receiver, a miniature incubator, LED-based fluorescence excita-
tion, optical filtering, and a smartphone app for automated image anal-
ysis, the platform minimizes the need for instrumentation and enables
user-friendly operation suitable for decentralized clinical environ-
ments. This platform successfully detected and classified KRAS SNV
across a wide dynamic range, from 0.01 to 100% VAF and at attomole
input levels, illustrating both high analytical sensitivity and broad clini-
cal applicability. The assay results obtained from the compact platform
were consistent with those from a standard gPCR machine, validating
its diagnostic accuracy. This integrated POC platform substantially
lowers the barrier for implementing cfDNA mutation testing in low-
resource settings, making it well suited for use in early cancer detection,
treatment monitoring, and personalized oncology applications.

Previous studies analyzing mutant nucleic acids, including mRNA,
suggest that mutation levels may correlate with posttherapy clinical
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outcomes (tumor-free status) (63). Because of the lack of posttreat-
ment samples from patients with cancer, such as those collected fol-
lowing surgery or chemotherapy, we could not assess the utility of
RECO-Cas for monitoring treatment response. Although RECO-
Cas reliably identifies low-frequency mutant alleles, precise VAF
quantification remains beyond the scope of this assay and should be
determined using established quantitative methods (e.g., ddPCR
or NGS) when clinically required. In addition, cfDNA is wrapped
around histone proteins in the form of mono-, di-, or trinucleo-
somes, which introduces added complexity to the extraction pro-
cess (37, 64). Beyond this biochemical challenge, plasma separation
itself requires careful handling, as whole blood must be processed
promptly through sequential low- and high-speed centrifugation
steps to prevent cellular lysis and contamination with genomic
DNA. This presents a substantial challenge for integrating cfDNA
extraction and detection into a unified, single system. Establishing
clinical datasets that include posttreatment time points and stream-
lined methods to release and purify cfDNA from its nucleosome
structure will further clarify how RECO-Cas can be applied across
the continuum of cancer care, from diagnosis to longitudinal moni-
toring. Last, our approach has diagnostic implications, as it enables
the detection and classification of single-nucleotide missense mu-
tations through a streamlined workflow that is compatible with
POC integration.

MATERIALS AND METHODS

Study design

The objective of this study is to develop and validate a rapid, sensi-
tive diagnostic platform of RECO-Cas for SNV profiling of cfDNA
from the plasma of patient with cancer, with the goal of enabling
same-day results to support clinical decision-making. We hypothe-
size that a recombined DNA construct generated from Argonaute-
nicked mutant DNA and ssDNA activator could selectively trigger
CRISPR-Casl12a, thereby amplifying the fluorescence signals. This
assay is expected to improve assay speed and reduce costs compared
to conventional technologies such as ddPCR and NGS. A secondary
objective of this study is to evaluate the performance of the RECO-
Cas assay when integrated into a cost-effective POC diagnostic plat-
form. The samples are from the group of patients with cancer (n =
21) and a control group. The control group consisted of healthy do-
nors with no history of cancer. With the cohort in this study, the
observed sensitivity and specificity were 90.48% (95% CI: 69.62%,
98.83%) and 100% (95% CI: 69.15%, 100%). All participants pro-
vided informed consent. All samples were measured at least three
times (technical replicates), and the mean values were used for anal-
yses. This study was approved by the Institutional Review Board of
the University of Connecticut Health Center (IRB# 08-310-1), and
the overall procedures followed institutional guidelines.

Reagents

Betaine, glycerol, Tween 20, and ACS reagent-grade urea were pur-
chased from Sigma-Aldrich (St. Louis, MO). The TwistAmp Basic
RPA kit was obtained from TwistDx (Maidenhead, UK). Tris-borate
EDTA (TBE) buffer (10x), 40% acrylamide/bis-acrylamide solu-
tion (19:1), tetramethylethylenediamine, and ammonium persulfate
were purchased from Bio-Rad Laboratories (Hercules, CA). EnGen
Lba Casl2a (Cpfl) was purchased from New England Biolabs
(Ipswich, MA).
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VAF sample preparation

The 100-nucleotide target DNA sequences, guide DNA, and crRNA
were purchased from Integrated DNA Technologies Inc. (Coralville,
IA). Sense and antisense ssDNAs were incubated in hybridization
buffer and gradually annealed by cooling from 95° to 37°C in 0.5°C
increments every 2 min. Variant and wild-type DNA fragments were
mixed to generate various VAFs for each allele to evaluate the detec-
tion performance of RECO-Cas.

TagMan polymerase chain reaction

PCR primers and probe are listed in table S4. All PCR reactions were
set up using Luna Universal Probe gPCR Master Mix (New England
Biolabs, M3004X). Each reaction contained 5 pl of 2X Master Mix,
0.5 pl of forward primer, 0.5 pl of reverse primer, 0.5 pl of DNA probe
(each at a 10 pM working concentration in nuclease-free water), 1 pl
of template with confirmed concentration, and 2.5 pl of nuclease-free
water. The thermocycling protocol included the following steps: 95°C
for 2 min, 45 cycles of 95°C for 30 s, and 60°C for 30 s.

Standard RPA and one-pot RPA-TtAgo cleavage reaction

RPA reaction cocktails were generated by adding 10.5 pl of nuclease-
free water, 2.5 pl of 10 pM forward primer, 2.5 pl of 10 uM reverse
primer, and 29.5 pl of primer-free rehydration buffer to an RPA pellet
and then adding 2.5 pl of 280 mM magnesium acetate to start DNA
amplification. The one-pot system was prepared separately as com-
ponents A and B. Component A contained 500 nM of each primer,
14 mM MgSOy, 4 pl of 50% glycerol, and 2.5 pl of cfDNA in a total
20-pl reaction system. Component B contained 20 mM tris-HCI,
10 mM (NHy),SO4, 10 mM KCI, 8 mM MgSOy, 0.1% Triton X-100,
0.1% Tween 20, 0.8 M betaine, 50 to 200 nM TtAgo, and 0.5 to 2 pM
guide DNA in a total 20-pl reaction system. In the one-pot assay,
20 pl of component B was first added into the tube and briefly cen-
trifuged, then 19 pl of component A was added to the bottom of the
tube, and last, 1 pl of 280 mM magnesium acetate was added. The
reaction was carried out at 39°C for 10 min and 83°C for 10 to 30 min,
and the reaction mixture was cooled to 4°C. The upper phase of the
reaction mixture was collected for the CRISPR-Cas12a assay.

Gel electrophoresis

Denaturing and native 12% polyacrylamide gel electrophoresis were
performed to evaluate the discriminatory cleavage efficiency of
TtAgo in recognizing mutant versus wild-type nucleotides. This in-
cluded analysis of guide DNAs bearing single-nucleotide mismatch-
es, mutant alleles targeted by guide DNAs, and RPA products. To
prepare the denaturing gel, 12 g of urea was dissolved in a solution
containing 7.5 ml of 40% acrylamide/bisacrylamide (19:1), 2.5 ml of
10x TBE buffer, and nuclease-free water was added to a final volume
of 25 ml. Polymerization was initiated by adding 10 pl of tetrameth-
ylethylenediamine and 80 pl of 40% ammonium persulfate. The gel
was stored at room temperature for at least 2 hours before use. Na-
tive gels were prepared using the same protocol, omitting urea. For
cleavage product analysis, 5 pl of the reaction mixture was com-
bined with 10 pl of 2x Gel Loading Buffer II (denaturing) and heat-
ed at 95°C for 10 min. A 10-pl aliquot of the mixture was then
loaded onto the gel. As a size reference, 1 to 2 pl of ss10 DNA ladder
mixed with 10 pl of 2x Gel Loading Buffer II was loaded into the
first lane. Electrophoresis was conducted at a constant voltage of 300 V
and an initial current of 25 mA for 1 hour. Gels were stained with
SYBR Gold Nucleic Acid Gel Stain in 1x TBE buffer for 10 min, and
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nucleic acids were visualized using a Bio-Rad ChemiDoc MP imag-
ing system.

Clinical sample collection, processing, and cfDNA extraction
Clinical samples from patients with lung, colon, and bladder cancers
were collected at the University of Connecticut Health Center. Pe-
ripheral blood samples were collected from patients with cancer and
healthy donors in accordance with published consensus guidelines for
liquid biopsy preanalytical variables and reporting (65-67). Approxi-
mately 3 ml of whole blood was drawn into non-cell-stabilizing
EDTA tubes. Blood samples were processed within a short time frame
after collection to minimize leukocyte lysis. Plasma was isolated by an
initial centrifugation step to separate cellular components, followed
by a second high-speed centrifugation for 10 min to remove residual
cellular debris. The clarified plasma was aliquoted and stored at —80°C
until downstream analysis. Identical collection, processing, and stor-
age procedures were applied to both patients with cancer and healthy
donor controls, with no differences in tube type, blood volume, or
centrifugation conditions. cfDNA was isolated with the QIAamp Cir-
culating Nucleic Acid Kit (50-prep format; Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. Briefly, 100 pl of plasma
from each patient with cancer or healthy donor was diluted with
400 pl of phosphate-buffered saline and mixed with 50 pl of kit-
supplied proteinase K and 400 pl of Buffer ACL, followed by incuba-
tion at 60°C for 30 min. The lysate was combined with 900 pl of Buffer
ACB, loaded onto a QIAamp spin column, and centrifuged. Columns
were washed sequentially with 600 pl of Buffer ACW1, 750 pl of Buf-
fer ACW2, and 750 pl of 99% ethanol. cfDNA was eluted in 20 pl of
Buffer AVE and quantified spectrophotometrically [A,¢ (absorbance
at 260 nm)/A,g]. Eluates were stored at —80°C until analysis.

ddPCR

For each reaction, 1.5 pl of cfDNA was added to a 20 pl of ddPCR
mixture containing 1X ddPCR Supermix for probes, 1.9 pM prim-
ers, and 250 nM of each of wild-type and mutant probes (table S4).
Thermal cycling was conducted at 25°C for 3 min and 95°C for 10 min,
followed by 40 cycles of 94°C for 30 s and 60°C for 1 min, with a final
enzyme deactivation at 98°C for 10 min and a hold at 4°C for 3 min.
After amplification, droplets were read on the QX200 system, and
data were analyzed according to the manufacturer’s instructions.

Sanger sequencing

Synthetic DNA was amplified using either standard RPA or a one-
pot RPA-TtAgo cleavage reaction, as described above. A 1-pl aliquot
of the 10°-fold diluted amplified product was subsequently ampli-
fied using a hot-start PCR protocol. PCR products (10 pl) were puri-
fied and eluted in 30 pl using a DNA cleanup kit. Last, 10 pl of
the purified PCR products was submitted for Sanger sequencing by
Genewiz (US).

Wireless-powered POC diagnostic platform integrated with
an Al-powered smartphone

The platform (32 mm by 35 mm by 70 mm) was designed using
SolidWorks and fabricated by a Form 3 3D printer with black resin
(RS-F2-GPBK-04, Formlabs, MA). The platform has two reaction
tube wells in the miniature incubator for simultaneous detection of
the variants and wild-type sequence. In the miniature incubator, a
flexible thin-film heater (HK5572R26.5L23A, Minco, MN) and a
thermocouple wire were fixed on its outer wall to heat the reaction
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tubes and monitor the temperature, respectively (Fig. 5B). Power
was supplied through a wireless charger receiver (MyMAX M1300,
Amazon) attached to the bottom of the platform. For fluorescence
imaging, the LED, excitation filter, and emission filter were selected
to match the spectral properties of Cy5.

We also developed a smartphone app for image acquisition, image
processing, and fluorescence quantification. For the fluorescence im-
age analysis, the smartphone app automatically recognized and de-
fined two ROIs in an RGB (red, green, and blue) image: one ROI for
detection of the wild-type sequence and another ROI for detection of
the variant. OpenCV detected the contour of each reaction tube and
calculated mean pixel values inside the contour, excluding indis-
tinguishable peripheral areas as background noise. For each test, the
app presented raw images, ROI information, and quantitative fluo-
rescence intensity data. The front end of the app was developed in
JavaScript/TypeScript in React Native (via Expo), and the back end of
the app was written in Python with a Django REST APL

Statistics

Statistical analysis was performed using OriginLab 2024 and MedCalc
(https://www.medcalc.org/en/calc/diagnostic_test.php). Data are pre-
sented as the means + SD, unless otherwise stated. Background-
subtracted fluorescence values (fluorescence minus the value at time
zero) are reported for all experiments, except for the assay optimiza-
tion data, which are presented as total fluorescence values. Image-
based fluorescence was quantified from end point fluorescence images.
For comparisons among multiple groups, an analysis of variance
(ANOVA) by Dunn’s multiple comparison test was used. Differences
were considered statistically significant at P < 0.05 (n.s., not signifi-
cant). Diagnostic sensitivity and specificity, along with their 95% ClIs,
were calculated using the Clopper-Pearson exact method in MedCalc,
whereas the means and SD for data distributions were derived from
the sample using the corresponding functions in Excel.

Supplementary Materials
This PDF file includes:

Figs.S1to0 520

Tables S1 to S4
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