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The rapid and precise detection of nucleic acids is crucial for effective disease diagnosis and management at the
point-of-care (POC) level. Here we report a palm-sized plasmonic photothermal platform for real-time on-chip
recombinase polymerase amplification (RPA) and CRISPR/Casl2a detection. An ultrathin photothermal nano-
plasmonic cavity (PNC) of Au nanoislands (AuNIs) and an aluminum reflector delivers uniform and efficient
photothermal heating under white LED illumination. The configuration drives isothermal amplification and

CRISPR-mediated cleavage in a single microchamber while a fluorescence microlens array (FMLA) camera re-
cords real-time emission. The compact platform detects the SARS-CoV-2 E gene in 25 min at 25.7 copies per
cartridge and achieves 100 % concordance with RT-qPCR across 42 clinical samples. This all-in-one platform can
offer a robust and cost-effective solution for molecular diagnostics, facilitating scalable and real-time testing of
infectious diseases in decentralized POC settings.

1. Introduction

CRISPR/Cas-based molecular diagnostics (CRISPR/Cas MDx) pro-
vides an accurate nucleic acid detection in assorted biomedical fields
such as infectious pathogen (Sridhara et al., 2021; Thakku et al., 2023)
or cancer diagnosis (Dai et al., 2021; Hao et al., 2023), single cell
screening (Zafar et al., 2020), and gene expression analysis (Stiff et al.,
2024). In particular, CRISPR/Cas MDx allows the rapid and reliable
clinical decision-making without nucleic acid amplification by pro-
grammable RNA-guided specific site recognition (Fozouni et al., 2021).
However, amplification-free CRISPR/Cas MDx still faces technical
challenges in detection sensitivity and spatial confinement at low

concentrations (Li et al., 2023). Recently, isothermal nucleic acid
amplification (INAA) is actively combined with the CRISPR/Cas MDx to
enhance performance (Wang et al., 2024). For instance, DETECTR assay
(Broughton et al., 2020) and Casl2a-PB (Wu et al., 2020) utilize the
loop-mediated isothermal amplification (LAMP) before
CRISPR/Casl2a-based detection to amplify the low concentration of
nucleic acids. The LAMP with CRISPR/Cas MDx requires multiple
chambers for individual reaction or additional reagents to manage the
activation of enzymes at different temperatures (Wu et al., 2020; L.
Zhang et al., 2024). Such two-pot reactions use end-point detection,
causing a long analytical time over 1 h and high cross-contamination
risk (Hu et al., 2022; Li et al.,, 2019). LAMP often allows one-pot
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reaction with CRISPR/Cas MDx, still requiring thermostable Cas en-
zymes (Nguyen et al., 2023) or delayed mixing with the Cas enzyme
(Wang et al., 2021). In contrast, recombinase polymerase amplification
(RPA) facilitates simultaneous one-pot reaction in CRISPR/Cas MDx by
amplifying nucleic acid at temperature below 50 °C (Aman et al., 2022;
de Puig et al., 2021; Ding et al., 2020; Lee et al., 2024; Lin et al., 2023).
For example, EXORCA assay (Fu et al., 2025) conducts one-pot RPA and
CRISPR/Cas12a reaction at 39 °C using clinical samples pretreated with
lysis buffer. However, the one-pot reaction often requires substantial
reagents and samples in a single tube.

Low-volume RPA and CRISPR/Cas MDx allows reduced reagent
consumption, low contamination risk, and simultaneous multi-target
detection on a microfluidic chip (Chen et al., 2023; Xu et al., 2022;
Zhou et al., 2023). Nevertheless, the on-chip MDx still struggles with
some technical limitations in flow control, sample preparation, bulky
detectors, and temperature uniformity during the reaction. For example,
two-pot reactions of RPA and CRISPR/Cas increase complexity with
intricate channel designs and reliance on bulky fluidic devices such as
syringe pumps or centrifuges (Chen et al., 2020; Hu et al., 2023; Liu
et al., 2022; Peng et al., 2024; Xing et al., 2023). In addition, conven-
tional end-point detection often extends the analytical time to over 45
min (Hu et al., 2023; Li et al., 2022). Recently, real-time fluorescence
detection was integrated into a fully self-contained benchtop system for
magnetofluidics-driven one-pot RPA and CRISPR/Casl2a assay (Chen
et al., 2021). This benchtop system still relies on magnetic actuation for
sample pre-concentration and high-volume detection units. Further-
more, diverse isothermal heaters such as hand-warm pouches (Li et al.,
2022), electrical pads (Zhou et al., 2023), or Peltier elements (Chen
et al., 2021; Ngo et al., 2024) encounter practical limitations due to
temperature fluctuation under ambient conditions, non-uniform heat
distribution, and high-power consumption. More recently, plasmonic
photothermal heating was actively utilized in POC molecular di-
agnostics for ultrafast and precise temperature control (Chen et al.,
2022; Cheong et al., 2020; Kim et al., 2022; Yu et al., 2023). The
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photothermal heating provides rapid thermal ramping, high spatial
uniformity, efficient temperature control with minimal power con-
sumption, and a compact form factor, well suited for POC applications
(Kang et al., 2015, 2023b). However, RPA and CRISPR/Cas MDx has not
yet adopted photothermal heating, opening the door to compact and
low-volume POC platforms.

Here we report on a palm-sized fully integrated plasmonic photo-
thermal platform for real-time on-chip RPA and CRISPR/Casl2a-based
detection (Fig. 1). The real-time RPA and CRISPR/Casl2a assay em-
ploys nanoplasmonic photothermal heating, on-chip RPA and Casl2a
reaction, and real-time close-up fluorescence imaging. The photo-
thermal heating utilizes the ultrathin photothermal nanoplasmonic
cavity (PNC). The PNC features a sandwich structure of highly dense and
randomly distributed Au nanoislands (AuNIs) and a thin Al film sepa-
rated by thin oxide film. This configuration allows strong broadband
absorption and internal reflection under white LED (WLED) illumina-
tion, inducing uniform and large-area photothermal heating. The on-
chip RPA and Casl2a reaction concurrently conducts nucleic acid
amplification and CRISPR RNA (crRNA)-based target-specific detection
in a small-volume and single chamber under isothermal conditions of
the PNC heater. The RPA initiates the amplification reaction by invading
the recombinase-primer complex into the complementary target DNA.
The recombinase unwinds the double-stranded DNA (dsDNA) to main-
tain a single-stranded DNA (ssDNA), while the single-stranded binding
protein (SSB) tightly wraps around the ssDNA for stabilization. A poly-
merase extends the primer to synthesize the daughter DNA, resulting in
exponential amplification. In parallel, CRISPR/Cas12a recognizes the
complementary sequence in the amplified DNA and cuts the ssDNA re-
porter by activating the trans-cleavage function. The cleaved reporter
emits the fluorescence signal. A fluorescence microlens array (FMLA)
camera continuously captures fluorescence images at a short working
distance, allowing a compact setup for rapid and reliable molecular
diagnosis.
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Fig. 1. Real-time nanoplasmonic RPA-CRISPR/Cas12a assay at a POC level. The real-time RPA-CRISPR/Casl2a assay consists of nanoplasmonic photothermal
heating, on-chip RPA and Cas12a reaction, and real-time fluorescence imaging. The photothermal heating utilizes ultrathin PNC, i.e., a sandwich structure of highly
dense and randomly distributed plasmonic AuNIs and a thin Al layer separated by thin oxide film. This configuration allows strong broadband absorption and internal
reflections for uniform and large-area photothermal heating under WLED illumination. The on-chip RPA and CRISPR/Casl2a reaction simultaneously undergoes
nucleic acid amplification and target-specific detection in a small-volume and single chamber under isothermal condition. RPA initiates the invasion of recombinase-
primer complexes into a target DNA sequence. The recombinase unwinds dsDNA to create the ssDNA, while SSB tightly wraps around the ssDNA for stabilization. The
polymerase extends the primers, thus synthesizing DNA strands for exponential amplification. At the same time, CRISPR/Cas12a recognizes the target DNA and cuts
the ssDNA-based fluorescence reporter by activating the trans-cleavage function. The FMLA camera continuously captures close-up images of fluorescently labeled

RPA-CRISPR/Cas12a reaction for rapid POC molecular diagnosis.
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2. Materials and methods

2.1. Nanofabrication of ultrathin PNC with Pt-resistance temperature
detector (Pt-RTD)

Highly dense and randomly distributed AuNIs, i.e., 10 + 10 nm
AuNIs, are nanofabricated on a 4-inch borosilicate glass wafer by using
repeated solid-state dewetting of thermally evaporated 10 nm thick Au
thin films. A 100 nm thick silicon dioxide (SiO3) is deposited on the
AuNIs using plasma-enhanced chemical vapor deposition (PECVD). A
150 nm thick Al thin film is thermally evaporated on the SiO; to block
the light transmission from the bottom. A 500 nm thick SiO, is further
passivated on the Al thin film to avoid an electrical contact with Pt-RTD.
A 100 nm thick Pt electrode is defined on PNC for RTD by using metal
lift-off. The Pt-RTD is annealed for 10 min at 200 °C to stabilize resis-
tance during photothermal heating.

2.2. Reagent preparation for on-chip RT-RPA and CRISPR/Cas12a assay

Reverse transcriptase (Rocketscript™ Reverse Transcriptase, Bioneer,
Inc., Korea) is added to the RPA premix to synthesize the cDNA from
RNA. The RT-RPA premix has a total volume of 46 pl, including 4 pl of 5
x reaction buffer, 2 pl of 10 mM dNTP, 2 pl of 100 mM DTT, 1 pl of 100
ng/pl RNase inhibitor, 1 pl of 200U/pl RocketScript™ reverse tran-
scriptase, 29.5 pl of rehydration buffer, 2.4 pl of 3 uM forward and
reverse primer each, and 1.7 pul of DEPC-water. The final reagent for the
on-chip RT-RPA and CRISPR/Casl2a assay is prepared following the
same protocol as the RPA and CRISPR/Casl2a assay with 40 nM
CRISPR/Cas12a and 1.2 pM ssDNA reporter.
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3. Results and discussions
3.1. Light absorbance and uniform photothermal heating of ultrathin PNC

Nanofabrication of PNC with Pt-RTD is done by using repeated solid-
state dewetting, PECVD, thermal evaporation, and lift-off (Fig. S1(a)).
An inset figure shows the optical image of Pt-RTD on PNC (Fig. S1(b)). A
focused ion beam scanning electron microscopy (FIB-SEM) image in-
dicates the cross-sectional view from a to a’ in the inset figure and dis-
plays the well-constructed PNC and Pt-RTD layers. Note that the 10 +
10 nm AuNIs exhibit a relatively large diameter and randomly distrib-
uted nanoislands with small nanogaps during repeated solid-state
dewetting, as shown in previous work (Yu et al., 2023). This random-
ness enhances broadband light absorption across the entire visible
ranges (409 nm-688 nm) (Fig. 2(a)). In particular, the Al thin film on the
AuNIs completely blocks light transmission from the bottom and induces
the multiple reflections. As a result, the PNC exhibits a 1.5-fold increase
in the total visible absorbance compared to the AuNIs. The maximum
photothermal temperature (Tp,.x) at the top surface of the AuNIs and
PNCs with different cavity lengths is measured with a thermocouple
under 2.3 W/cm? WLED illumination for 2 min (Fig. 2(b)). The
enhancement factor of photothermal temperature (A Tpnc/ A Taunis) iS
defined as a ratio of the Ty difference (A Tpax) between PNC and
AuNIs, which reflects the photothermal efficiency of PNC. Note that A
Tmax is calculated by subtracting the Tpax of the bare glass wafer (Tgass
= 29.7 °C) from that of each substrate. All PNCs show the enhanced
photothermal efficiency compared to the AuNIs. In particular, the PNC
with 100 nm in cavity length exhibits 1.85 x photothermal temperature
increase compared to the 10 + 10 nm AuNIs. In contrast, the photo-
thermal temperature gradually decreases as the cavity length increases
except for the 50 nm of the cavity length. The total visible absorbance is
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Fig. 2. Photothermal heating using ultrathin nanoplasmonic cavity. (a) Spectral absorbance of PNC. The Al thin film of PNC perfectly blocks visible light trans-
mission and increases multiple reflections inside the nanoplasmonic cavity, thereby exhibiting substantial absorption. (b) A Tpnc/A Taunis depending on the cavity
length of PNC. PNC exhibits a 1.85x temperature increase at 100 nm in cavity length due to maximum total absorbance in visible light, compared to repeated
dewetting AuNIs. (c) Temperature uniformity of PNC captured by IR camera. The left optical image indicates the location of microchamber under WLED illumination.
The right heatmap shows a relatively uniform distribution in photothermal temperature except for the Pt-RTD area while the WLED illumination maintains the stable
temperature of 50 °C. Besides, the microchamber area shows a small change of less than 1 °C in temperature.
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calculated by integrating the area under the curve (AUC) of absorbance
spectrum, thereby confirming the light-to-heat conversion efficiency of
PNC. The absorbance spectrum is obtained from reflectance and trans-
mittance, measured for fabricated PNCs and calculated using the
finite-difference time domain (FDTD) method. The cavity length of 100
nm exhibits strong light absorption, resulting in the maximum A Tpnc/ A
Taunss- The light absorption decreases as the cavity length approaches
200 and 400 nm but increases again at 300 and 500 nm, resulting from
multipeak interference and spectral fluctuations (Fig. S2). The surface
temperature of PNC depending on the cavity length was calculated using
the finite element analysis (FEA, COMSOL Multiphysics) (Fig. S3). The
boundary condition of the SiOy bottom for heat transfer was set to the
measured Tpax of 10 + 10 nm AuNTs. The calculated surface temperature
of PNC decreases with increasing cavity length, despite the increase in
the light absorption. Furthermore, the temperature uniformity of PNC
with a 100 nm cavity length is confirmed by using the infrared (IR)
camera after the WLED illumination of 2.3 W/cm? for 3 min (Fi g. S4).
The optical image displays the WLED illumination area of 6.5 mm x 6.5
mm on PNC without Pt-RTD. The heatmap shows the uniform temper-
ature distribution across WLED illumination area with a temperature
variation of less than 3 °C, unlike Joule heating (>10 °C) (Choi et al.,
2024). The surface temperature of the microchamber area on PNC is
further monitored while maintained at 50 °C under the WLED illumi-
nation (Fig. 2(c)). The optical image on the left displays the WLED
illumination area, where the Pt-RTD and microchamber are placed for
on-chip RPA and CRISPR/Casl2a reactions. The heatmap on the right
exhibits a uniform heat distribution except for Pt-RTD area. In partic-
ular, the microchamber area shows small temperature changes of less
than 1 °C.

3.2. Palm-sized all-in-one setup for on-chip real-time RPA and CRISPR/
Cas12a assay

The on-chip real-time RPA and CRISPR/Cas12a assay utilizes an all-
in-one setup with nanoplasmonic heating base (NHB), shielded optical
module (SOM), and plastic-on-polymer (PoP) cartridge. The photograph
clearly demonstrates the palm-sized, fully integrated NHB, PoP car-
tridge, and SOM, with a physical dimension of 80 mm x 55 mm x 20.6
mm (Fig. 3(a), S5, and S6). The NHB of anodized aluminum contains a
single WLED on the PNC. SOM consists of the FMLA camera, an EX filter,
an EM filter, and a single blue LED. The disposable PoP cartridge is
placed between NHB and SOM. Note that the FMLA camera is located at
a short distance of 11 mm on the top surface of the PoP cartridge. The
blue LED and EM filter are angled at 62° to the PoP cartridge and FMLA
camera to provide uniform illumination for fluorescence imaging
(Fig. S7). LabVIEW collects the temperature signals from Pt-RTD on PNC
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and concurrently controls WLED based on feedback. WLED initially
turns on to reach a target temperature for the RPA and CRISPR/Cas12a
reaction and then repeatedly turns on and off to maintain a constant
temperature. The blue LED continuously turns on during the assay for
fluorescence excitation by using an additional power supply. Note that
the PNC surface temperature slightly increases by no more than 0.6 °C
during continuous blue LED illumination (Fig. S8). The Raspberry Pi
captures a fluorescence array image from the FMLA camera at 1-min
intervals under the blue LED illumination. The fluorescence array
image is then divided into individual single images, which are subse-
quently combined through the HDR reconstruction to obtain a high-
contrast single image. The disposable PoP cartridge consists of a sand-
wich configuration with a polypropylene (PP) layer, adhesive, and a thin
polymer film. The 1.65 mm thick PP layer contains the sample loading
ports and a reaction chamber of 200 pm height. The 100 pm thick ad-
hesive layer consists of double-sided acrylic adhesive, serving as a
microfluidic channel of 600 pm width. The opposite site of the adhesive
layer is attached to a transparent polyester-based polymer film layer of
100 pm thickness. The fabricated PoP cartridge size is 15.05 mm x
27.95 mm x 1.85 mm (Fig. S9). The FMLA camera captured the fluo-
rescence array image from the cartridge chamber during plasmonic
photothermal heating. The 10 + 10 nm AuNIs and the PNC are indi-
vidually installed on the NHBs to compare light blocking of the thin Al
layer for real-time fluorescence imaging. The all-in-one PNC setup with
100 pM FITC in the PoP cartridge shows a clear fluorescence signal,
effectively blocking light transmission (Fig. 3(b)). In particular, the
FMLA camera exhibits a similar fluorescence detection limit with con-
ventional RT-qPCR system (Fig. S10). The surface temperature of PNC is
monitored through the resistive response of the integrated Pt-RTD
during WLED illumination and also calibrated with a thermocouple.
The measured nominal resistance (Rpom) is 1,2 kQ and increases linearly
with a TCR value of 3387 ppm/°C over a temperature range of
20 °C-90 °C (Fig. S11). The PNC provides the isothermal temperature
condition under WLED modulation through feedback control (Fig. 3(c)).
The WLED continuously turns on until the surface temperature reaches
the target temperature of 45 °C. The WLED repeatedly switches on and
off after reaching the target temperature to maintain a constant surface
temperature of 45 °C. The temperature fluctuation is less than 0.7 °C in
the isothermal condition.

3.3. On-chip RPA and CRISPR/Cas12a assay and real-time fluorescence
detection

A rapid on-chip real-time RPA-CRISPR/Casl2a assay was demon-

strated using SARS-CoV-2 E gene plasmid DNA samples. The assay em-
ploys RPA primers and crRNA designed to specifically target SARS-CoV-
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Fig. 3. All-in-one configuration of NHB, PoP, and SOM. (a) Photograph of palm-sized nanoplasmonic photothermal heating block and FMLA camera with PoP
cartridge. (b) Real-time fluorescence imaging during plasmonic photothermal heating. The Al thin film of PNC completely blocks white light, allowing real-time
detection of fluorescence signal from a PoP cartridge, as shown in the inset HDR fluorescence image. (c) Isothermal temperature maintenance of PNC with
WLED modulation. The WLED repeatedly turns on and off to maintain the isothermal condition after PNC reaches 45 °C of the target temperature.
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2 E gene, along with a ssDNA reporter (Fig. S12(a) and (b)). The nucleic
acid of 124 bp is amplified using RPA with specifically designed forward
and reverse primers. The ribonucleoprotein (RNP) complex consists of
crRNA and Casl2a, which recognizes the amplified nucleic acids. The
Cas12a of the RNP complex is activated by the target-specific recogni-
tion, leading to the cleavage of the non-target ssDNA reporter, i.e., trans-
cleavage. All reagent concentrations and temperature conditions for on-
chip RPA and CRISPR/Cas12a assay are optimized by using a benchtop
PCR system. The benchtop PCR reagent volume is set to 2 pl to match the
cartridge. The concentrations for RPA primers, ssDNA reporter, and
CRISPR/Cas12a are initially selected to ensure maximum fluorescence
intensity (Imax) and minimum time to POI in a small volume (Fig. S13).
Note that the time to POI is defined as the time when the slope of the
real-time fluorescence profile changes (Yao et al., 2024). The final
concentrations are set to 3 pM primer, 1.2 pM ssDNA reporter, and 40
nM CRISPR/Cas12a. The temperature condition for the minimum time
to POI is also set to 45 °C (Fig. S14). The on-chip RPA and CRISP-
R/Casl2a assay is conducted at 45 °C using the all-in-one setup with
optimized reagents. The agarose gel electrophoresis image clearly dis-
plays a target band size of 124 bp after on-chip RPA reaction (Fig. S12
(c)). The band size matches the 20 pl PCR tube-based RPA reaction on
the benchtop system without non-specific amplification. The
target-specific CRISPR/Casl2a recognition exclusively increases the
fluorescence intensity of E gene over time unlike N and RdARP genes
(Fig. S12(d)). The inset figures indicate the endpoint fluorescence signal
in the cartridge chamber with different SARS-CoV-2 genes captured by
the FMLA camera. The different plasmid DNA concentrations of E gene
are utilized to confirm the detection sensitivity of the on-chip real-time
RPA and CRISPR/Cas assay (Fig. 4(a)). The real-time fluorescence pro-
file exhibits a sigmoidal shape, where the I;,x increases with the DNA
concentration. For example, the captured chamber images clearly
demonstrate the increase of fluorescence signals from 5 to 25 min for 2 x
106 copies/cartridge DNA sample (top in Fig. 4(a) and Fig. S15). As a
result, the detection sensitivity is 2 x 10 copies/cartridge as shown in
the real-time fluorescence profile and the P-value of I,,x between DNA
concentration and negative control (Fig. S16(a)). All DNA concentra-
tions reach the time to POI within 21 min, except for 2 x 10 copies/-
cartridge (Fig. 4(b)). A strong correlation was identified between DNA
concentration and the time to POI The bottom images display the in-
tegrated fluorescence intensity (iFI) of the cartridge chamber at the time
to POI and endpoint depending on the DNA concentration. The iFI at the
endpoint decreases progressively with reduced DNA concentrations,
aligning with the characteristic at time to POI. In particular, the iFI for a
2 x 10 copies/cartridge DNA concentration at the time to POI and the

@) | (b)
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endpoint is comparable to or higher than that of the NC at the endpoint.
Long-term system stability and detection sensitivity were confirmed by
repeating the on-chip RPA and CRISPR/Casl2a assay after 6 months
from the initial reaction (Fig. S17). The fluorescence signal was
consistently increased at 2 x 10 copies/cartridge.

3.4. On-chip RT-RPA and CRISPR/Cas12a assay and clinical validation

Reverse transcription (RT) is further incorporated into the on-chip
RPA and CRISPR/Casl2a assay for direct detection of the SARS-CoV-2
RNA virus (Fig. 5(a)). The extracted RNA from the virus is added to a
reagent mix with reverse transcriptase, recombinase, polymerase,
primers, ssDNA reporter, and CRISPR/Cas12a, then loaded into the PoP
cartridge. The RNA is promptly converted to cDNA template via reverse
transcriptase to avoid RNase degradation within the cartridge. The
cDNA is then exponentially amplified during the RPA reaction and
simultaneously detected by the CRISPR/Casl2a reaction. The on-chip
RT-RPA and CRISPR/Casl12a assay is conducted with different concen-
trations of RNA extracted from the cultured SARS-CoV-2 sample (Fig. 5
(b)). The agarose gel electrophoresis image displays the same target
band size of 124 bp in both on-chip and PCR tube-based reactions (Fig. 5
(b), top left). Note that the on-chip reaction demonstrates a band in-
tensity comparable to that of the 2 pl PCR tube-based reaction, con-
firming the successful cDNA synthesis and RPA from the RNA samples.
The RNA concentrations ranging from 2 x 10 to 2x 10° copies/cartridge
are used to confirm the detection sensitivity, including negative control
(NQ). The real-time fluorescence intensity gradually increases with the
RNA concentration. The 2 x 10 copies/cartridge RNA samples exhibit
equivalent intensity with NC as shown in the P-value of I,x (Fig. S16
(b)). As a result, the detection sensitivity of the on-chip RT-RPA and
CRISPR/Cas12a assay was calculated to be 25.7 copies/cartridge based
on the linear regression curve of In,x across RNA concentrations. All
RNA concentrations except 2 x 10 copies/cartridge reach the time to
POI within 23 min (Fig. 5(b), right). The RT additionally delays the time
to POI by 7 min in on-chip configuration (Fig. 5(b), left). The specificity
test is performed using RNA from human coronaviruses and other res-
piratory viruses to assess the cross-reactivity and detection accuracy
(Fig. S18). The SARS-CoV-2 sample only exhibits the fluorescence in-
tensity increase in the real-time fluorescence profiles. In particular, the
Imax of human coronaviruses and other respiratory viruses show no
significant difference from the NC, indicating no cross-reactivity. The
clinical validation test is further performed to evaluate the sensitivity
and specificity of on-chip RT-RPA and CRISPR/Cas12a assay compared
to conventional RT-qPCR (Fig. 5(c)). A total of 42 patient-derived
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Fig. 4. Rapid on-chip real-time RPA-CRISPR/Casl12a detection using DNA templates. (a) On-chip real-time RPA and CRISPR/Cas12a assay with different plasmid
DNA concentrations. The real-time fluorescence profiles exhibit a sigmoidal shape with the I,,x increasing as the DNA concentration increases. For example, the
captured chamber images clearly demonstrate the increase of fluorescence signals from 5 to 25 min for a 2 x 10° copies/cartridge DNA sample (top). (b) Time to POI
depending on the plasmid DNA concentration. All DNA concentrations reach the time to POI within 21 min, except for 2 x 10 copies/cartridge. The chamber images
show the iFI at the time to POI and the end-point depending on the plasmid DNA concentration (bottom). All samples were analyzed in triplicate experiments.
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Fig. 5. On-chip Real-time RT-RPA and CRISPR/Casl2a assay for SARS-CoV-2 virus. (a) An experimental procedure for cultured and clinical SARS-CoV-2 virus
samples. All RNA samples are extracted from the SARS-CoV-2 virus using an RNA extraction kit. The extracted RNA samples are loaded into the PoP cartridge along
with a reagent mix that includes reverse transcriptase, recombinase, polymerase, and CRISPR/Cas12a targeting the SARS-CoV-2 E gene. The RNA is immediately
reverse-transcribed into cDNA templates to avoid degradation within the cartridge. The ¢cDNA is then exponentially amplified during the RPA reaction and
simultaneously detected by the CRISPR/Cas12a reaction. (b) On-chip real-time RT-RPA and CRISPR/Casl2a assay using different concentrations of RNA extracted
from cultured viruses. The inset figure shows the synthesized cDNA loaded into the agarose gel after PCR-based and on-chip RT-RPA reactions. Both reactions exhibit
a 124bp target band, with the on-chip reaction of small volume displaying a fainter band. The real-time fluorescence profile shows a delayed increase due to RT, with
time to POI extended by 7 min across all RNA concentrations. (c) Clinical validation for 42 patient samples (32 positive and 10 negative). The heatmap displays the
Imax of on-chip RT-RPA and CRISPR/Cas12a with the RT-qPCR Ct. The on-chip RT-RPA and CRISPR/Cas12a assay demonstrated all true positives and true negatives,

with no false results.

samples are utilized for the clinical validation, consisting of 32 positive
(P) and 10 negative (N) cases. The heatmap visualizes the comparison of
clinical validation results between the on-chip RT-RPA and CRISPR/
Casl2a assay and the RT-qPCR for each sample. The red and blue gra-
dients indicate the I« of the on-chip RT-RPA and CRISPR/Cas12a assay
and cycle threshold (Ct) from the RT-qPCR, respectively. All clinical
samples show the similar color pattern between I . and Ct, indicating a
strong correlation (r = —0.86) excluding the negative samples (Fig. S19
(a)). The I ax of positive samples clearly separates from that of negative
samples. Furthermore, all positive samples are detected within 32 min
based on the time to POI, which is also a strong correlation (r = 0.86)
with Ct (Fig. S19(b) and (c)). As a result, the clinical validation in on-
chip condition provides all true positive and true negatives, with no
false results. Such high detection accuracy meets the detailed criteria of
target product profiles for POC testing (Table S1). Furthermore, the
plasmonic photothermal platform surpasses recently reported POC-
based on-chip RPA-CRISPR/Casl2a systems in both analytical perfor-
mance and integration level (Table 52).

4. Conclusion

We have successfully demonstrated the first palm-sized photo-
thermal platform that merges RT-RPA and CRISPR/Cas12a for real-time
and low-volume nucleic acid detection at the POC level. Uniform heat-
ing from PNC accelerates isothermal amplification and CRISPR/Cas12a-
based specific detection. A compact microlens array camera continu-
ously monitors the fluorescence during reaction, reducing the analytical
time compared to the end-point detection. As a result, the on-chip real-
time RT-RPA and CRISPR/Casl2a assay allows the rapid detection of
SARS-CoV-2 with a sensitivity of 25.7 copies/cartridge in 25 min, using
a 2 pl sample volume without pre-concentration. The on-chip clinical
validation test exhibits all true positives and true negatives with no false
results for patient-derived SARS-CoV-2 RNA samples. Building upon the
portable plasmonic photothermal platform, complete on-cartridge
sample preparation, achieved by integrating microfluidic lysis and pu-
rification, will remove external RNA handling and yield a truly self-
contained assay compatible with a broad range of sample matrices. In
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addition, multiplex and high-throughput capability will follow through
multi-channel layouts, orthogonal Cas nucleases, and multiple bandpass
filters on the FMLA sensor, allowing simultaneous multi-fluorescence
read-out in a single cartridge. The compact architecture further per-
mits parallel operation of multiple cartridges, supporting large-scale
screening without enlarging the laboratory footprint(Kang et al.,
2023a). Collectively, these advances position the prototype to evolve
into a decentralized and high-performance platform for molecular di-
agnostics in clinical and epidemic settings.
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