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Supplementary aterials and Methods

1. Optical components of the palm-sized plasmonic photothermal system

The plasmonic photothermal setup consists of NHB and SOM. The NHB requires a single
WLED (LED PKG 8585, Optimech) for photothermal heating. The SOM employs a single blue
LED (LXML-PR02-A900, Lumileds), an excitation band pass filter (EX filter, ET480/40), and
an emission bandpass filter (EM filter, ET520/20m) for real-time fluorescence monitoring. These

two band pass filters were purchased from Chroma Technology Corp.

2. Optical spectrum measurement for PNC and 10+10nm AUNIs

All transmittance (T) and reflectance (R) spectra are measured by using a collimated WLED
(MCWHLS5-C1, Thorlabs, Inc.) coupled spectrometer (SP-23001, Princeton Instruments, Inc.).
The absorbance (A) spectra of PNC and 10+10nm AuNIs are calculated based on the measured

transmittance and reflectance spectra using the equation: A=1-T—R.

3. Microfabrication procedure of PoP cartridge

The PP layer is fabricated by using plastic injection molding. The melting temperature and
injection pressure for the injection molding are set to 220 °C and 80-100 MPa, respectively. The
100 um of double-side adhesive tape consists of acrylic pressure sensitive adhesive (PSA),
patterned by using fine blanking techniques. The fine blanking techniques employs the stainless-
steel blade for clear edge and precise channel dimension. The blank pressure and counterpressure
are set to 100 MPa and 20 MPa, respectively.

The PP layer undergoes an initial washing process to remove inhibitors, ensuring consistent

RPA and CRISPR/Casl2a reactions. The sequential washing steps are as follows: The PP layer



is treated with RNaseZap™ solution (RNaseZap™ RNase Decontamination Solution, Thermo
Fisher Scientific, Inc.) for 10 min to remove RNase, followed by 70 % EtOH to eliminate any
residual contaminants. The PP layer is air-dried after rinsing with nuclease-free distilled water
(UltraPure™ DNase/RNase-Free Distilled Water, Thermo Fisher Scientific, Inc.) to remove all
reagents. The PoP cartridge is finally fabricated by attaching a washed PP layer, adhesive layer,

and a polyester-based polymer film.

4. Reagent optimization for RPA and CRISPR/Cas12a assay in small volumes

The concentrations of RPA primers, ssDNA reporter, and CRISPR/Cas12a are optimized for
RPA and CRISPR/Casl2a assay in a single chamber with small volume by using benchtop RT-
qPCR system (StepOnePlus Real-time PCR system, Thermo Fisher Scientific, Inc.). The primer,
ssDNA reporter, and crRNA are synthesized by Bioneer Inc. according to Table S1. The
concentrations of the three variables are determined by adjusting one condition at a time while
keeping the other two conditions constant. For example, the RPA primer is initially set at 1 uM
for ssDNA reporter and CRISPR/Cas12a determination, but is adjusted to a range of 0.5 — 10 uM
for primer optimization. Similarly, the ssDNA reporter and CRISPR/Casl2a are set at 1.2 pM
and 80 nM, respectively, and adjusted to ranges of 0.6 — 12 uM and 8 — 80 nM. The final
concentrations are selected for maximum fluorescence intensity and a short Tt. The reagent for
the RPA and CRISPR/Casl2a assay is prepared as follows: The RPA premix is mixed based on
the TwistAmp™ Basic Kit manual (TwistDx Limited, USA), except for the template and 280
mM magnesium acetate (MgOAc). The crRNA and Casl2a (EnGen® Lba Cas12a(Cpfl), New
England Biolabs Ltd., USA) are pre-incubated with NEBbuffer™ r2.1 at room temperature for

10 min to form RNP complexes. The final reagent for the RPA and CRISPR/Casl2a assay



contains 18 ul of RPA premix, 1 pul of 280 mM MgOAc, 1 ul of template, 2 pul of
CRISPR/Cas12a complex, and 3 pl of ssDNA reporter, resulting in a total volume of 25 ul. The
2 ul aliquot from the final reagent is dispensed into a PCR tube, followed by the addition of 18 ul
of mineral oil to prevent evaporation during the reaction. All reaction for reagent optimization is

conducted at 40 °C for 40 min.

5. Band size confirmation after on-chip and benchtop RPA / RT-RPA

All amplicon after RPA or RT-RPA reaction are mixed with 1.5 pl of 6x loading buffer
(Takara Bio Inc., Japan) and loaded onto 3 % agarose gels stained with HiQ Blue Mango
(20,000x%) (BioD Co., Ltd., Korea). Note that 2 pl and 10 pl of amplicon are used to confirm the
band size in the on-chip and PCR tube-based reactions, respectively. The amplicon loaded on the
agarose gel run in a Mupid-2plus (Takara Bio Inc., Japan) for gel electrophoresis. A DNA
molecular weight marker (20bp DNA ladder, Takara Bio Inc., Japan) is used to define the

amplicon size.

6. Clinical sample acquisition

42 clinical specimens (nasopharyngeal swabs) from individuals suspected of having SARS-
CoV-2 infection were obtained from Gyeongsang National Unversity College of Medicine and
stored in universal transport media (UTM, Copan Diagnostics Inc., CA, USA) at -70 °C for the
diagnosis of SARS-CoV-2. The Institutional Review Board (IRB) of Gyeongsang National
University College of Medicine reviewed and approved this study protocol (IRB approval

number: 2022-10-012)



7. RNA extraction and RT-qPCR from SARS-CoV-2 virus sample

All RNA from cultured and patient-derived SARS-CoV-2 virus sample was initially extracted
to quantify the cycle threshold (Ct) value using the ExiPrep™ 96 Viral DNA/RNA Kit (Bioneer,
Inc., Korea) with the Bioneer extractor system. Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) was subsequently conducted using One-Step TB Green®
PrimeScript™ RT-PCR Kit II (Takara Bio Inc., Japan) according to the manufacturer’s protocol.
The extracted RNA was combined with the components of the RT-qPCR and primers targeting
the open reading frame (ORF) gene. The primer set for ORF gene amplification are described as
follows: forward primer, 5'- TGCCTTGGTGATATTGCTGC -3'; and reverse primer, 5'-
TACCCGCTAACAGTGCAGAA -3'. The RT-qPCR was conducted by using the CFX Opus
Real-Time PCR System (Bio-Rad Laboratories, Inc., CA, USA) with RT at 42 °C for 5 min, pre-
denaturation at 95 °C for 1 sec, and 50 cycles of 95 °C for 5 sec to 60 °C for 30 sec. A cycle
threshold (Ct) was determined using CFX Maestro software installed in the PCR system based

on fluorescence signals measured during each PCR cycle.

8. Plasmid DNA and RNA samples for detection limitation and specificity.

The detection limit of the on-chip RPA and CRISPR/Casl2a assay was determined by using
positive plasmid DNA of SARS-COV-2 E gene (pUC57-2019-nCoV-PC:E). The detection
specificity was assessed by using other plasmid DNA of SARS-CoV-2 N gene (pUC57-2019-
nCoV-PC:N) and RdRP gene (pUC57-2019-nCoV-PC:RdRP) . All plasmid DNA samples are
purchased from the Koma biotechnology. The detection specificity of on-chip RT-RPA and

CRISPR/Casl2a assay was validated by using positive viral RNA samples (Amplirun® RNA



control, Vircell, Spain) including human coronaviruses (HCoV-229E and HCoV-OC43), RSV,

Influenza A, and Influenza B.



Supplementary Figures
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Fig. S1. Ultrathin PNC with Pt-RTD. (a) Nanofabrication steps for ultrathin PNC with Pt-RTD.

The PNC is nanofabricated on a 4-inch wafer scale by using repeated solid-state dewetting of Au

thin film, oxide deposition, and Al evaporation followed by the integration of Pt-resistance

temperature detector (Pt-RTD). (b) Cross-sectional FIB-SEM image of PNC.
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Fig. S2. Spectral absorbance of ultrathin PNC with different SiO> thickness. (a) A schematic

illustration of PNC. The SiO: is used as an intermediate layer between 10+10 nm AuNIs and Al

thin film. The measured spectral absorbance graphs depending on SiO> thickness are shown as

follows: (b) 50 nm, (¢) 100 nm, (d) 200 nm, (e) 300 nm, (f) 400 nm, and (g) 500 nm.
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Fig. S3. Calculated top surface temperature of PNC depending on cavity length. Finite element
analysis (FEA) models shows PNCs with Al layers on SiO» of different thicknesses (top). The Al
layer is set at 150 nm thickness. The boundary condition at the bottom of the SiO2 layer is set as
the temperature profile of 10+10 nm AuNIs. The calculated result exhibits the maximum surface
temperature at 100 nm SiO; thickness (bottom). The top surface temperature decreases when the

distance increases between AuNIs and the top surface.
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Fig. S4. Temperature uniformity of PNC without Pt-RTD sensor captured by IR camera (a)
WLED illumination area. The left optical image indicates the area of WLED illumination on
PNC. The right optical image shows the WLED size. (b) A heatmap of the average temperature
(Tavg., red) and variation temperature (Tsp., blue) under WLED illumination for 3 min. (c) cross-

sectional profile of surface temperature.
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Fig. S5. Configuration of fully packaged on-chip real-time RPA and CRISPR/Casl2a assay

system.
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Fig. S6. Experimental setup for on-chip RPA and CRISPR/Casl2a assay. NHB contains a
WLED on PNC. The SOM is equipped with a FMLA camera, a blue LED, and fluorescence
bandpass filters. A disposable PoP cartridge is positioned between the NHB and the SOM. The
LabVIEW collects temperature signals from the Pt-RTD on the PNC and simultaneously
modulates the WLED based on the feedback. The Raspberry Pi captures fluorescence array
images from the FMLA camera at one-min intervals under blue LED illumination. Array images

are combined to create a high-contrast single image through HDR image reconstruction.
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Fig. S7. Optical design for the position and illumination angle of blue LED. (a) schematic

illustration for simulation concept. (b) Total fluorescence intensity from chamber depending on

the tilted angle and X-axis distance of blue LED.
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Fig. S8. Surface temperature of PNC during blue LED operation measured by using Pt-RTD. (a)

blue LED off. (b) continuous blue LED on.
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Fig. S9. PoP cartridge for on-chip real-time RPA and CRISPR/Casl2a assay. (a) A schematic

illustration of PoP cartridge. (b) Measured points of the fabricated cartridge to check

reproducibility. (c) Dimension of PP layers and PoP cartridge. The 10 samples are randomly

selected.
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Fig. S10. Limit-of-Detection (LoD) of SOM. The different FITC concentrations are measured by
using (a) FMLA camera in SOM and (b) conventional RT-qPCR system (StepOnePlus Real-time
PCR system, Thermo Fisher Sicentific, Inc.). The FMLA camera shows a similar detection limit

compared to the RT-qPCR system.
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Fig. S12. RPA primer and crRNA design for SARS-CoV-2 E gene detection. (a) A schematic
illustration of CRISPR/Cas]12a targeting the E gene of SARS-CoV-2. The RNP complex detects
the amplified SARS-CoV-2 E gene guided by target-specific crRNA and cleaves the single-stand
DNA reporter through trans-cleavage activity. (b) The sequence list of RPA primers, crRNA,
and ssDNA reporter. (c) Agarose gel electrophoresis image of on-chip RPA amplicon for SARS-
CoV-2 E gene plasmid DNA, compared to PCR tube results. The amplicon size is 124 bp. (d) E
gene-specific detection using CRISPR/Cas12a. The fluorescence intensity increases exclusively
with the SARS-CoV-2 E gene, unlike the N and RARP genes. The inset images show the end-

point image captured by the FMLA camera.
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Fig. S13. Reagent concentration optimization in small volume RPA and CRISPR/Casl2a assay.

All reaction is conducted by using benchtop PCR system at 40 °C for 40 min. The 20 pl of total
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reaction volume consists of 2 ul of reaction sample and 18 pl of mineral oil. The detailed
experimental method is described in the reagent optimization section for the RPA and
CRISPR/Casl2a assay in small volumes. (a) RPA primer. (b) ssDNA reporter. (c)

CRISPR/Cas]2a.
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Fig. S14. Optimal reaction temperature for RPA and CRISPR/Cas12a assay. All reactions are

performed using a benchtop PCR system with 2 pl of reagent volume and 18 pl of mineral oil for
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40 min at different temperature condition. The reagent concentrations are set to 3 uM RPA
primer, 1.2 uM ssDNA reporter, and 40 nM CRISPR/Casl2a. (a) Agarose gel electrophoresis
image of SARS-CoV-2 E gene amplicon after RPA reaction at different temperature conditions
for 40 min. (b) Real-time fluorescence profile and (¢) Time to POI at different temperature

condition.
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Fig. S15. Real-time fluorescence imaging during on-chip RPA and CRISPR/Cas12a assay. The

fluorescence images are captured by using FMLA camera at 1 min intervals.
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Fig. S17. long-term system stability and detection sensitivity of the on-chip RPA and
CRISPR/Casl2a assay. The on-chip RPA and CRISPR/Casl2a assay was repeated after 6
months from initial reaction. The fluorescence intensity increased at 2 X 10 copies/cartridge,
consistent with the result of the initial reaction (Figure 4a). Inset graph shows the I max at 2 X 10
and 2 X 10? copies/cartridge and P-value compared to the negative control. Astericks indicate

*P <0.05, **P <0.01, ***P <0.001, **** P<0.0001, and “ns” is non-significant.
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Fig. S18. Detection specificity of on-chip RT-RPA and CRISPR/Casl2a assay. Real-time
fluorescence profile and maximum after on-chip RPA and CRISPR/Casl2a reaction using (a)
human coronaviruses and (b) different respiratory RNA viruses. The fluorescence intensity of the
SARS-CoV-2 sample is clearly increased compared to the human coronaviruses and respiratory

RNA virus samples. The inset images show the fluorescence signal within the chamber at the

sokok sokokox

end-point. Asterisks indicate "P < 0.05, P < 0.01, "*P <0.001, """P<0.0001, and “ns” is non-

significant.
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Fig. S19. Clinical validation results. (a) A strong correlation between PCR cycle threshold (Ct)
and maximum fluorescence intensity (Imax) after on-chip RPA-CRISPR/Casl2a reaction.
Negative samples were identified when the PCR Ct exceeded 35 cycles. (b) Time to POI of total

clinical samples. (c) Comparison between time to POI and PCR Ct.
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Supplementary Tables

Table S1. Comparison between the plasmonic photothermal platform and target product profile

for point-of-care test from World Health Organization (WHO).

Kev features Plasmonic photothermal Target product profile

y platform (for POC from WHO)

Product size Handheld Handheld or on desktop
Time to result < 30 min < 40 min

25.7 copies/cartridge

10° genomi ies/mL
(equivalent to 1.3%X10* genomic copies/mL) 0 genomic cop es/

Limit-of-detection

sensitivity 100 % > 80%
specificity 100 % > 97%
Type of analysis Semi-quantitative Quantitative

or Semi-quantitative

Visual manual

Interpretation FMLA camera and/or hardware reader
End user profile Trained staff Trained staff
P in healthcare facility in healthcare facility

competitively price compared to
Cost for device conventional RT-qPCR system Cost to allow broad use
(permanent and repeated usage)

Low cost per test
(comparable to commercial Cost to allow broad use
antigen Kkit)

Cost for reagent
and consumable
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Table S2. Comparison between the plasmonic photothermal platform and recent POC-based on-
chip RPA and CRISPR/Casl2a assay. The plasmonic photothermal platform features a compact
configuration, low power consumption, cost-effectiveness, and high detection sensitivity in small

volumes, without additional equipment for sample transfer or pre-concentration.

Instrument-free, Stand-alon
self-contained . one POC-CRISPR Plasmonic
Key microfluidic .
system (Biosens. Photothermal
Features . platform .
(Biosens. (Anal. Chem., 2023) Bioelectron. 2021) Platform
Bioelectron., 2022) ’ ?
(chip)
System (chip and case) 40 x 80 mm (1 (system) (system)
/ Chip Size 50 x 70 x 20 mm sample) / 80 x 100 134 x84 x 127 mm® | 80 x 55 x20.6 mm?
mm (3 sample)
Disposable Hand . Miniaturized Al heat Phototherma.l
Heater Heating membrane nanoplasmonic
warm pouch block (PTC) .
cavity
Power. . 2w 3W 23W
consumption
. . . Real-time Real-time
Detection type End-point End-point fluorescence fluorescence
QIAGEN Fluo
Detector LFA LFA Sens Integrated (1;1\)/(11;‘; claﬁz?)
(64x47x17.8 mm?)
Total volume 30 ul No information 100 pl 2 ul
100 copies per 100 copies (1GE/ul,
LOD p1es p No information required pre- 25.7 copies/cartridge
reaction :
concentration)
Sensitivity/ 94.1 % /100 % No information 100 % / 100 % 100 % / 100 %
Specificity
Additional . . .
equipment Finger pressure Pneumatic pump Magnetic arm -
sample no. 1 1-3 1 1
per reaction
39 °C
Total analytical <48 °C for 40 min 45.5°C 45 °C
temp / time for 90 min (include pre-heating for 60 min for 40 min
for 10 min)
Time-to-result 90 min 40 min <30 min <25 min
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