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Developing fast and reliable diagnostic tools is critical during 
the current coronavirus disease 2019 (COVID-19) pandemic, 
as diagnostic capacity at scale becomes critical to containing 

outbreaks and to reducing fatality rates1–7. In the absence of effective 
cures or vaccines for the disease, identifying as many infected indi-
viduals as possible (both symptomatic and asymptomatic) and then 
isolating them is the most effective way to prevent disease transmis-
sion5,6,8. Administering on-site and rapid tests is ideal for prompt 
patient triaging and contact tracing. Unfortunately, diagnostic 
tools with such capabilities are not readily available. Immunogenic 
lateral-flow assays are fast, small and cost effective, but are unsuit-
able for viral detection during the early disease phase9–11. Nucleic acid 
amplification tests based on PCR are the gold standard for COVID-19 
confirmation, owing to their high analytical accuracy (~99%)12,13. A 
caveat, however, is that most PCR tests are carried out in centralized 
laboratories, which often incur logistic overheads (such as sample 
transfer and protection from degradation) and long turnaround times 
(2–3 d)14–16. The deployment of conventional PCR to point-of-care 
(POC) settings is also limited by lengthy assay times (~1–2 h) and the 
need for bulky instrumentation. New isothermal nucleic acid ampli-
fication technologies may shorten assay times, but they are less estab-
lished than conventional PCR (because of supply chain issues and the 
need for clinical validation) and may have inferior accuracy17,18.

Rapid and portable thermocycling technology aims to bring 
nucleic acid amplification tests to POC settings. Thermoplasmonics 
is a promising method for fast heating19–25. It exploits the light-to-heat 
conversion mediated by plasmonic substrates26–29. This concept has 
been adopted for PCR thermocycling, in the form of a planar plas-
monic substrate in a fluidic device20,30,31 or metallic nanoparticles in 
suspension22,32,33. Both methods have shown fast nucleic acid ampli-

fication, but challenges remain: nucleic acids after amplification 
are difficult to detect because plasmonic substrates would interfere 
with fluorescence reporters34,35. Improving the detection sensitivity 
often entails additional steps involving the use of external equip-
ment (in particular, centrifugation (for particle removal), gel elec-
trophoresis (for separate signal detection) or a microscope system) 
(Supplementary Table 1). These requirements would lengthen the 
total assay time, overshadowing the advantage of fast thermocy-
cling, and would also complicate the workflow.

Here, we report the development of a fast one-pot PCR with 
reverse transcription (RT–PCR) technology for COVID-19 diag-
nostics. We named it nanoPCR. The system seamlessly inte-
grates plasmonic thermocycling with fluorescent signal detection 
in a single device. A key concept is the use of dual-functional 
magneto-plasmonic nanoparticles (MPNs) for PCR applications. 
We noticed that most of the plasmonic effect is confined near the 
surface of plasmonic nanoparticles. By encasing a magnetic core 
with a plasmonic gold (Au) shell, we could thus achieve: (1) efficient 
plasmonic heating comparable to that by solid Au nanoparticles; 
and (2) rapid nanoparticle separation with external magnetic fields 
to perform in situ signal detection. Exploiting these advantages, we 
advanced a compact nanoPCR system that automatically executes 
reverse transcription, rapid PCR amplification and fluorescence 
detection with a single button press. The current prototype concur-
rently measures three samples within 17 min. The limit of detection 
is 3.2 gene copies per µl, which is comparable to those by benchtop 
PCR equipment. We further applied nanoPCR to test clinical sam-
ples (75 patients with COVID-19 and 75 controls). The nanoPCR 
device rapidly detected three gene targets (N1, N2 and RPP30) and 
achieved excellent diagnostic accuracy (>99%).
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Results and discussion
We used nucleic acid targets recommended by the US Center for 
Disease Control and Prevention (Fig. 1a)36: N1 and N2 genes (for 
severe acute respiratory syndrome 2 (SARS-CoV-2) virus detec-
tion) and the human RPP30 gene (for human sample confirmation). 
Figure 1b shows the nanoPCR schematic for 17-min COVID-19 
diagnostics (see Supplementary Video 1 for the whole workflow). 
The assay starts with extracting total RNAs from suspected patient 

samples (for example, nasopharyngeal/oropharyngeal swabs or spu-
tum). Extracted RNA samples are then mounted inside a nanoPCR 
device, and the remaining assay steps are carried out automatically: 
(1) thermoplasmonic RT–PCR (11 min); (2) magnetic fluores-
cence switch (MFS) to remove MPNs from samples using an exter-
nal magnetic field (3 min); and (3) fluorescence signal detection 
directly from tubes (<20 s). Overall, the nanoPCR offers practical 
advantages for on-site molecular diagnostics. The dual-functional 
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Fig. 1 | NanoPCR assay schematics for CoVid-19 diagnostics. a, Target RNA regions for nanoPCR tests. The N1 and N2 genes are for  
SARS-CoV-2 detection, whereas the RPP30 gene serves as a control for human sample confirmation. ORF, open reading frame; S, spike; E,  
envelope; M, membrane; N, nucleocapsid. b, High-speed nanoPCR diagnostic flow for SARS-CoV-2 detection: (1) 3 min of RNA extraction  
using a disposable RNA preparation kit; (2) 11 min of RT–PCR by magneto-plasmonic thermocycling; and (3) 3 min of detection and diagnosis  
via MFS by application of an external magnetic field for MPN removal. c, A disposable RNA extraction kit with preloaded buffers and a simple plunge 
system. d, A compact nanoPCR instrument for POC application. The system houses a light source for plasmonic heating, a Ferris wheel for sample 
mounting, MFS magnets and optics for fluorescence detection. e, Circular array of the low-powered laser diodes and synchronized Ferris wheel for 
thermocycling of multiple samples. f, Syncing of laser illumination with Ferris wheel rotation to enable the processing of multiple samples without 
compromising the total assay time.
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MPNs enable both rapid nucleic acid amplification (via plasmonic 
heating) and the detection of fluorescent signal (via MPN clearing) 
in a one-pot assay format.

To facilitate sample preparation at POC settings, we designed 
a disposable RNA preparation kit (Fig. 1c and Supplementary  
Fig. 1). The kit has multiple chambers preloaded with RNA extrac-
tion reagents (see Methods for details) and a silica filter to capture 
RNA (that is, solid-phase extraction). After loading a test sample 
(20 µl), we sequentially actuated plungers to perform virus lysis, 
RNA capture and elution to PCR tubes. When tested with human 
coronavirus NL63, the kit achieved extraction yields compa-
rable to those achieved by a conventional centrifugation method 
(Supplementary Fig. 2); however, the kit operation was equipment 
free and complete within 3 min.

We implemented a compact nanoPCR system, integrating key 
components for plasmonic RT–PCR. Specifically, the system had a 
light source for plasmonic heating, a rotating sample holder (Ferris 
wheel style), movable magnets and a fluorescent optical setup  
(Fig. 1d). A microcontroller coordinated the operation of individ-
ual modules: with a single button push, the system automatically 
executed plasmonic RT–PCR, MFS and fluorescence detection 
and displayed the results on an embedded screen (Supplementary 
Video 1). This self-contained system had a small form factor 
(15 × 15 × 18.5 cm3) and weighed ~3 kg (Fig. 1d).

As the plasmonic light source, we arranged weak-powered 
(80 mW) laser diodes in a circular array (Fig. 1e and Supplementary 
Fig. 3), which allowed for more even illumination on samples than 
using a single high-power (~1 W) laser. For the sample mounting, 
we adopted a Ferris wheel scheme to achieve higher throughput. 
The wheel rotation sequentially brought a sample under light illu-
mination while other samples were air cooled. By syncing the wheel 
rotation and the illumination schedule (Fig. 1f), we could perform 
PCR reactions in multiple samples using an existing light source. 
The method thereby provided an economical way to scale up (see 
Supplementary Note 2 for details). The current POC prototype was 
designed for three samples. We also constructed a prototype that 
could process nine samples (Supplementary Fig. 4), which had the 
throughput of processing roughly 36 samples per hour.

The essential nanoPCR reagent was the dual-functional MPNs 
for plasmonic heating and magnetic clearing. The particle had a 
16-nm magnetic core (Zn0.4Fe2.6O4) enclosed by a 12-nm-thick Au 
shell (Fig. 2a, left)37. Elemental mapping with energy dispersive 
X-ray spectroscopy (EDS) confirmed the MPNs’ core–shell nature 
(Fig. 2a, right). We further coated the particles with phosphine–
sulfonate ligands, which stabilized MPNs by imparting negative 
surface charges. The hydrodynamic size of MPNs measured with 
dynamic light scattering (DLS) was ~50 nm without aggregation 
and they maintained excellent colloidal stability for 1 year without a 
change in size (Supplementary Fig. 5).

We characterized the MPNs’ optical properties, measur-
ing plasmonic responses and simulating electric fields. With the 
12-nm-thick Au shell, the MPNs showed plasmon resonance at a 
wavelength (λ) of 535 nm, which matched with the peak wavelength 
(532 nm) of the laser diode used in the system (Fig. 2b). The electric 
field map under plasmonic resonance, simulated by the boundary 
element method (see Methods), indicated that the field enhance-
ment was particularly confined to both the inner and outer surfaces 
of the Au shell (Fig. 2c,d). In addition, the electric field enhance-
ment (E/E0) and cross-section absorption (σabs) of a single MPN were 
similar to those of a solid 40-nm Au nanoparticle (Supplementary 
Fig. 6). These results supported that the core–shell structure could 
maintain the desired surface plasmonic properties while providing 
additional functionality through the core.

Magnetic measurements confirmed that the MPNs were super-
paramagnetic, with a magnetic moment of m = 7.52 × 10−19 A m2 per 
particle (Fig. 2e). Under the magnetic field generated by an external 

NdFeB magnet, MPNs clustered through dipole–dipole interac-
tions, which increased the overall hydrodynamic size (from 50 to 
530 nm) (Fig. 2f,g). The magnetic moment of clustered MPNs was 
estimated to be much higher (8.96 × 10−16 A m2)—approximately 
1,200 times higher than a single MPN (see Supplementary Note 1). 
This feature enabled us to quickly clear MPNs from solution, facili-
tating the interference-free fluorescent detection.

We used MPNs as a volumetric heating source in the plasmonic 
RT–PCR. Shining light on the MPN-containing solution quickly 
heated the entire sample (Fig. 3a). The heating effect was domi-
nant only when the incident wavelength matched to the MPNs’ 
plasmonic resonance (Fig. 3b), confirming the underlying ther-
moplasmonic mechanism. We further developed an analytical 
model to estimate the temperature increase in the MPN solution. 
Approximating a single MPN as a spherical heater, the temperature 
profile around the particle is given as ∆TMPN = (σabsI)/(4πRks), where 
ks is the thermal conductivity of the solution, I is the irradiance of 
the illumination and R is the particle radius38. Under our experi-
mental conditions (σabs = 2.5 × 103 nm2, R = 20 nm, ks = 0.6 W m−1 K−1 
for water and I = ~0.1 W mm−2), the overall temperature increase 
of the solution is estimated as ∆T = ∆TMPN(R/δ)N2/3, where N is 
the total number of MPNs and δ is the inter-particle distance39. 
With N particles suspended in volume V, δ = ~0.55(V/N)1/3, lead-
ing to ∆T = 2∆TMPN(N/V)V2/3. Therefore, a linear increase in 
∆T with MPN concentration ([MPN]) is expected (Fig. 3c, dot-
ted lines), which agrees well with the experimental observations  
(Fig. 3c, circles). The heating efficiency, however, deteriorated when 
[MPN] ≳ 3 × 1011 ml−1; this could be attributed to shifts in plas-
monic resonance caused by inter-particle coupling40. To maximize 
the heating efficiency, we set [MPN] = 2.6 × 1011 ml−1 for the rest of 
the assay.

Applying MPN plasmonic heating, we could achieve rapid ther-
mocycling (58 to 90 to 58 °C) at a rate of 8.91 s per cycle (Fig. 3d). 
The precision at target temperatures was excellent, with the coef-
ficient of variations <1.64% (Fig. 3e). Note that we relied on the 
convective heat transfer to air for the sample cooling. The observed 
cooling time from 90 to 58 °C was ~6.5 s, which also agreed with the 
numerical modelling (Supplementary Fig. 7). Such fast cooling was 
possible mainly because the sample volume was small (10 µl). For 
COVID-19 detection, we tuned the Ferris wheel for three-sample 
measurement (Fig. 3f), with each sample targeting one of three 
genes for COVID-19 diagnostics (that is, N1, N2 and RPP30). By 
synching the wheel rotation with the heating cycle (2.43 s under 
light; 6.48 s with air cooling), we could continuously process three 
samples using a light source designed for a single PCR tube (Fig. 3g 
and Supplementary Fig. 8).

Next, we optimized the entire operation for SARS-CoV-2 gene 
detection (Fig. 4a). The process required maintaining a constant 
temperature for reverse transcription. We controlled the effective 
light power by modulating the on/off duty cycle, achieving the tar-
get temperature (42 °C) with small variations (<1 °C; Fig. 4a right). 
Testing with N1, N2 and RPP30 target genes, we confirmed that the 
5-min reverse transcription produced sufficient numbers of comple-
mentary DNAs (see Methods and Supplementary Fig. 9). Following 
the reverse transcription reaction, we executed the PCR amplifica-
tion (40 cycles per tube; 6 min). Gel electrophoresis on PCR prod-
ucts by nanoPCR (6 min) and by conventional benchtop instrument 
(2 h) showed matching bands (Fig. 4b), confirming comparable 
performance between two systems. With 5-min conventional 
PCR, no band was detected (Supplementary Fig. 10). We further 
assessed the purity of the PCR products by measuring ultraviolet 
absorbance ratios (A260/A230 and A260/A280), where A230, A260 and A280 
are the ultraviolet absorbance at 230, 260 and 280 nm, respectively 
(Supplementary Fig. 11). The measured ratios were A260/A230 = ~2.2 
and A260/A280 = ~1.8. A260/A230 was higher than A260/A280, indicating 
that nanoPCR produced high-quality PCR products.
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For fluorescence signal detection in situ, we applied MFS to clear 
MPNs in sample tubes. After completing the RT–PCR reaction, 
the nanoPCR system automatically moved a magnet array to the 
Ferris wheel (Fig. 4c, left; see Supplementary Video 1) and read out 
the fluorescence signal using an internal ultraviolet light-emitting 
diode (LED) and a photodiode (Supplementary Fig. 12). Under the 
field gradient (100 T m−1) created by the magnet, MPNs clustered 
and sedimented to the tube bottom (see Supplementary Note 1). We 
observed that MFS was indispensable for reliable measurements. 
Without MFS, amplicons’ signal from fluorescein amidites (FAMs) 
was barely detectable (Fig. 4c, right), presumably due to the spectral 
overlap between MPN absorption (λpeak = 535 nm) and FAM emis-
sion (λem = 517 nm). When tested with N1 amplicons, the fluores-
cence signal recovered to ~50% of its saturation level at 3 min after 

MFS (Fig. 4d and Supplementary Fig. 13). Applying this timing, 
we could reliably detect all three target genes (N1, N2 and RPP30;  
Fig. 4e). Of note, nanoPCR is inherently limited to end-point mea-
surements, as the assay detects signal only after PCR reaction.

With operational parameters determined, we evaluated the ana-
lytical performance of nanoPCR, benchmarking it against conven-
tional RT–PCR. To estimate the limit of detection (LOD), serially 
diluted samples containing N1, N2 or RPP30 target genes were pre-
pared and subjected to the complete nanoPCR procedures (that is, 
reverse transcription, 40-cycle PCR and MFS). The LOD was calcu-
lated to be 3.2 copies per µl based on the standard formula (thresh-
old = 3 × s.d. of a blank sample; Fig. 4f), which was comparable to 
that of conventional RT–PCR (2.0 copies per µl)41,42. Furthermore, 
nanoPCR-based N1 and N2 detection distinguished SARS-CoV-2 
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from other zoonotic coronaviruses, SARS-CoV and Middle East 
respiratory syndrome coronavirus, with negligible cross-reactivity 
(Fig. 4g).

To validate nanoPCR’s clinical applicability, we tested clinical 
samples (that is, nasopharyngeal/oropharyngeal swabs and sputum 
samples) from cohorts of patients with COVID-19 and control indi-
viduals without COVID-19 (see Supplementary Table 2 for patient 
information). COVID-19 infection status was independently con-
firmed by the Clinical Diagnostic Laboratory at Chonnam National 
University Hospital (Republic of Korea). We used the first 100 sam-
ples as a discovery cohort (50 patients with COVID-19 and 50 con-
trols) and another 50 samples (25 patients with COVID-19 and 25 
controls) as a validation cohort (Fig. 5a). Each patient sample was 
divided into two. One aliquot was processed using the nanoPCR 
and the other using a benchtop PCR system. Both assays used the 
same N1, N2 and RPP30 probes. As a positive reference, we also 
processed a control sample containing a known amount of reference 
RNA (synthetic N1 RNA).

Figure 5b shows the results from nanoPCR and quantitative PCR 
with reverse transcription (RT–qPCR). We compared raw fluores-
cence intensity I(nanoPCR) with –log2[Ct], where Ct is the cycle 
cut-off of RT–qPCR; these two quantities would be proportional 
to target gene concentrations. We observed a good concordance 
between these two methods. For each gene target, nanoPCR and 
RT–qPCR showed a strong positive correlation with the Pearson 
coefficient (r) values of 0.87 (N1), 0.78 (N2) and 0.70 (RPP30).

Next, we assessed the diagnostic accuracy of nanoPCR. As 
system-independent analytical measures, we defined FN1 and FN2 by 
normalizing the fluorescence intensities of the target genes (N1 and 
N2) with that of the positive reference (Fig. 5c). The FN1 and FN2 val-
ues were significantly higher (P < 0.0001 for both; two-sided t-test) 
in patients with COVID-19 than in controls (Fig. 5d). We further 
constructed receiver operating characteristic (ROC) curves for FN1 
and FN2. The diagnostic accuracy was excellent, with an area under 
the curve of 1 (Fig. 5e) for both FN1 and FN2. From ROC curves, we 
determined optimal cut-offs, FTH_N1 = 0.15 for FN1 and FTH_N2 = 0.05 
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for FN2, that maximized the sum of sensitivity and specificity. When 
these cut-offs were applied to a separate validation set (25 patients 
with COVID-19 and 25 controls), nanoPCR maintained its high 
diagnostic power (Fig. 5f). Overall, rapid nanoPCR diagnostics cor-
rectly classified all of the clinical samples (n = 150) tested (Fig. 5g 
and Supplementary Fig. 14).

Overall, nanoPCR has the potential to decentralize COVID-19 
molecular diagnosis. It has practical advantages: (1) the assay is 
based on well-established RT–PCR to produce more reliable and 
accurate (>99%) results than isothermal amplification tests17,18; 
and (2) nanoPCR considerably shortens the PCR reaction time to 
enable on-site diagnostics. With these advantages, nanoPCR could 
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contribute to the decentralization of COVID-19 tests into mobile, 
ambulatory clinics, mitigating the logistic burden of sample trans-
ports. Our prototype system demonstrated such potential, meeting 
some of the criteria (for example, a sensitivity of >80%, a specificity 
of >97% and an assay time of <40 min) set by the World Healthcare 
Organization43. Also, MPN synthesis can be optimized for mass 
production where a single batch currently provides ~30,000 PCR 
reactions (~50 mg). For nanoPCR to be used in clinical settings, 
we envision further technical developments: (1) establishing MPN 
quality control and good manufacturing practice for mass pro-
duction; (2) redesigning fluidic cartridges to minimize hands-on 
times in RNA extraction44; and (3) exploring new assay methods, 

such as heat-inactivated lysis45, to offer sample-in and answer-out 
tests. These efforts will expand nanoPCR’s utility in remote or 
resource-limited settings46,47. NanoPCR could also be applied for the 
prompt diagnosis of other infections, such as acquired immunodefi-
ciency syndrome, tuberculosis and hepatitis48–50.

methods
Synthesis of MPNs. The MPNs were synthesized as previously described37. Briefly, 
the magnetic core (M) was synthesized by nonhydrolytic thermal decomposition of 
Fe(iii) acetylacetonate and zinc chloride in oleic acid, oleylamine and trioctylamine 
at 330 °C. After washing the products with ethanol, 1 mg silica-coated magnetic 
core with an amine functional group (M@SiO2-NH2) was prepared by the 
sol-gel process of tetraethylorthosilicate and aminopropyltrimethoxysilane. The 
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2-nm colloidal Au nanoseeds were mixed with M@SiO2-NH2 to obtain an Au 
seed-coated magnetic core (M@Au = 2 nm) at room temperature for 5 h. To prepare 
the complete Au shell, the Au seeds were grown in 4.8 l of titrated Au precursors 
with 17.2 mg hydroxylamine hydrochloride (NH2OH) for 3 d. After separation with 
centrifugation and a magnetic column, typically the yield was higher than 65%, 
corresponding to 150 pmoles (~50 mg). The products were dispersed in 1 mg ml−1 
bis(p-sulfonatophenyl)phenylphosphine dehydrate dipotassium salt solution for 
long-term storage.

Transmission electron microscopy (TEM) analysis and EDS mapping. 
TEM observations were made using an Atomic Resolution Analytical Electron 
Microscope (JEM-ARM200F; JEOL) at an acceleration voltage of 200 kV. MPNs 
were freshly prepared on a plasma-cleaned TEM grid (Ultra-Thin PELCO Grids 
for TEM; Ted Pella). Elemental analysis derived from EDS was performed under 
atomic resolution mapping followed by visualized indexing.

Plasmonic simulation of MPNs. Electrical fields of MPNs and Au nanoparticles 
were simulated using the MNPBEM Toolbox in MATLAB (MathWorks)50. The 
toolbox adopted the boundary element method approach39, solving Maxwell’s 
equations in metallic nanoparticles wherein homogeneous and isotropic dielectric 
functions are separated by abrupt interfaces. The simulation assumed that a 
particle was immersed in water. Wavelength-dependent dielectric functions for Au 
and magnetite were used.

Spectral analysis of MPNs. Diluted down to an optical density of 0.1 at λ = 535 nm, 
the aqueous solution of MPNs was subjected to ultraviolet light-aligned spectral 
analysis using an ultraviolet–visible spectrometer (V-760; Jasco) for absorbance 
analysis. To obtain scattering measurements for coefficient calculation, the solution 
was transferred into the integrating sphere (Quanta-phi; HORIBA Scientific) and 
analysed by photoluminescence spectroscopy (HORIBA Scientific).

Vibrating sample magnetometer measurements. An aqueous solution of 
MPNs was subject to measurement of magnetization using a vibrating sample 
magnetometer (VIBRATION 7407-S; Lake Shore Cryotronics). For mass 
magnetization, the mass of Fe, Zn and Au of each sample was determined 
using inductively coupled plasma mass spectrometry (7900 ICP-MS; Agilent 
Technologies).

DLS measurements. The hydrodynamic size of MPNs was measured using a DLS 
device (Nano ZS90; Malvern) with the following parameters: refractive index = 0.21 
and absorption = 3.32.

Preparation of nanoPCR mix. NanoPCR mix (total volume = 10 μl) consisting 
of 0.2 μM specific primers (Bioneer; see Supplementary Table 3), 20 μM oligo 
dT, MPNs at an optical density of 4, 200 μM dNTPs (N0447S; New England 
Biolabs), 10 μM dithiothreitol, 2% dimethyl sulfoxide, 0.22 μM specific TaqMan 
probe (Integrated DNA Technologies) (or 1× SYBR Safe (Invitrogen) in the 
non-clinical study), 0.5 μl RNase Inhibitor (LS63; NIPPON Genetics EUROPE), 
1 U FastGene Scriptase II (LS63-2; NIPPON Genetics EUROPE), 1 U Hot Start 
Taq DNA Polymerase (M0495; New England Biolabs), 0.4× Standard Taq Reaction 
Buffer (containing 10 mM Tris-HCl, 50 mM KCl and 1.5 mM MgCl2 (pH 8.3) 
at 1× concentration; New England Biolabs) and 0.2× Reverse Transcription 
Buffer (containing 10 mM Tris-HCl, 50 mM KCl and 0.1% Triton X-100 at 1× 
concentration (LS63; NIPPON Genetics EUROPE)) was prepared. A certain 
concentration of synthetic target RNA or viral RNA of clinical samples was applied 
to the mix, which was then subjected to RT–PCR in the nanoPCR device to 
automatically give a fluorescence result for the sample.

RNA preparation kit. We engineered a customized RNA-processing kit 
(20 × 68 × 83 mm3) using a three-dimensional (3D) printer (Form 3; Formlabs). 
Viral RNAs from collected biofluid samples could be purified via the kit’s silica 
gel membrane, where RNAs were bound, washed and eluted. Five individual 
chambers were used, one at a time, to purify the RNAs. The operational procedure 
of the kit was as follows: (1) transfer of the sample (20 µl) mixed with RNA shield 
(20 µl) onto the top of the membrane (15 s); (2) application of viral RNA buffer 
(400 µl guanidinium thiocyanate and acid phenol) for capsid degradation (15 s); (3) 
pre-washing and RNA immobilization with ion-exchange chromatography resin 
(1 ml; 2 min); (4) application of viral wash buffer (500 µl; containing ethanol) for 
debris washing (30 s); and (5) application of elution buffer (15 µl) and transfer to 
a tube preloaded with the customized nanoPCR reagents and primers (10 s). All 
of the reagents and buffers were from a commercial RNA extraction kit (R1034; 
Zymo Research) and were preloaded into the corresponding chambers before 
RNA processing. Due to the manufacturing shortcoming for mass production, the 
disposable RNA preparation kit was used sparingly (n = 5) with the sole aim of 
confirming its capability.

POC device configuration. A 3D-printed plastic housing (150 × 150 × 185 mm3) 
contained optoelectronic components and served as a dark chamber to exclude 
external light during the RT–PCR and fluorescence measurements. Three sample 

tubes (PCR-02-C; Corning) were installed separately onto the customized 
synchronized Ferris wheel. An array of 14 532-nm lasers (CK1872; CivilLaser) 
was installed for plasmonic heating, and a 310-nm ultraviolet LED (LED310W; 
Thorlabs) was added for fluorescence excitation. The tubes formed a trigonal 
planar arrangement to make an organized rotation with exact timing, and the 
bottom solution region of the tube in the reaction order was focused by the 
lasers (RT–PCR) or the ultraviolet LED (fluorescence detection). The lasers were 
arranged in a radial formation to enable a common focus on one reaction tube 
among the three tubes. The ultraviolet LED excited FAM dyes in the sample tube. 
The fluorescence signal was measured by a detector unit consisting of a bandpass 
filter (D560; Chroma) and a photodiode (S130C; Thorlabs). The incidence angle 
was about 55°, which prevented direct illumination onto the detector unit. A 
stepper motor (17HS3430; MotionKing) rotated the wheel at angles of 120.6°, 
120.6° and 118.8°, and another stepper motor (28BYJ-48; Elegoo) managed the 
positioning of 52-N-grade neodymium magnets (10 × 10 × 10 mm3) for MFS. A 
3D-printed component holder firmly set the locations of the lasers, the stepper 
motor and the LED to keep them precisely aligned. A microcontroller board 
(Arduino Uno R3; Arduino) managed the continuous and sequential operation 
of the elements, and pulse-width modulation was adopted to control the 
synchronized actions (Supplementary Fig. 8). The power supply of the nanoPCR 
device was managed by the PWR button while the nanoPCR procedure was 
initiated by pushing the PCR button. The fluorescence emission was measured 
using a sensor read by an optical power console (PM400; Thorlabs). A 12-V Li-ion 
battery pack supplied the whole system, excluding the console, for over 30 min. 
All custom-made parts were fabricated using two different 3D printers (3DWOX 
DP201 (Sindoh) and Form 3 (Formlabs)), considering the manageable resolution 
and product dimensions.

Clinical study. The nasopharyngeal and oropharyngeal specimens collected 
in the universal transport medium tubes (Asan Pharmaceutical) and sputum 
specimens were provided by the Chonnam National University Hospital laboratory 
(Institutional Review Board number CNUH-2020-106) and processed using an 
automated nucleic acid extraction system (AdvanSure E3 System; LG Chem) to 
extract viral RNAs. Nasopharyngeal or oropharyngeal swabs contained in  
universal transport medium were used as provided, whereas sputum samples 
were diluted with phosphate buffered saline followed by an extraction process. 
For consistency of the assay, and to avoid any instrumental deviation, one 
nanoPCR machine was used to assay all of the clinical samples. The results were 
then compared with the RT–qPCR results, which were also performed using one 
machine. The analytical measures (F) for diagnostics were defined as FN1 = IN1/IHK 
(for N1) and FN2 = IN2/IHK (for N2), where IN1 and IN2 are the raw intensity values for 
the N1 and N2 tests, respectively, and IHK is the fluorescence intensity of a positive 
control sample. ROC curves were generated using FN1 and FN2. From the discovery 
cohort, the optimal F cut-offs for COVID-19 diagnostics were determined 
by choosing values that maximized the sum of sensitivity and specificity: 
FTH_N1 = 0.152 (for N1) and FTH_N2 = 0.053 (for N2). The analyses were performed 
using R (version 4.0.2).

RT–qPCR of the clinical specimens. Viral RNA of the clinical samples was added 
to the RT–PCR mix composed of 0.4 μM specific primers (IDT), 200 μM dNTP 
(New England Biolabs), 0.1 μM TaqMan probe (IDT), 1.25 U Hot Start Taq DNA 
Polymerase (New England Biolabs), 1.25 U FastGene Scriptase (NIPPON Genetics 
EUROPE), 1× Standard Taq Reaction Buffer (New England Biolabs) and Reverse 
Transcription Buffer (NIPPON Genetics EUROPE). RT–qPCR was then carried 
out and monitored on a ViiA 7 Real-Time PCR System (Life Technologies) with 
the following protocol: 94 °C for 2 min, then 50 cycles of 92 °C for 8 s, 58 °C for 
22 s and 72 °C for 40 s. The Ct value was automatically calculated using the system 
software and was correlated with the result of nanoPCR.

Gel electrophoresis. In 1× TBE (Tris/Borate/EDTA) running buffer, the PCR 
product solution was resolved on a 3% agarose gel containing 1× SYBR Safe 
(Invitrogen) as a staining dye at a constant voltage of 120 V for 40 min. A gel image 
was taken with a ChemiDoc MP Imaging system (Bio-Rad).

Statistical analysis. All of the data are presented as means ± s.d. from experiments 
repeated at least five times unless otherwise specified. Where appropriate, three 
times the standard deviation, added onto background values, was used as a 
threshold value for significance.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

data availability
The data that support the results of this study are available within the paper and 
its Supplementary Information files. The raw patient data are available from the 
authors on reasonable request, subject to approval from the Institutional Review 
Board of the Chonnam National University Hospital. Non-clinical data generated 
in this study, including source data and the data used to make the figures, are 
available in the Supplementary Information files.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size We used 150 clinical samples (75 COVID-19 positive and 75 COVID-19 negative). Our clinical study was conducted to test the feasibility of the 
developed assay, and we collected samples that became available on a rolling basis.

Data exclusions No data were excluded from the analyses.

Replication Conventional RT-PCR, gel electrophoresis, and nanoPCR were validated by more than five repeats per experiment.

Randomization Randomization was not relevant to the study, because the main purpose of the study was to test the performance of the nanoPCR system 
against RT-PCR.

Blinding The investigator was not blinded to group allocation during the experiment. Blinding was not relevant because the main purpose of the study 
was to test the performance of the nanoPCR system. The required assay time and sensitivity were compared to the gold standard of COVID-19 
diagnostics (RT-PCR).

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Human research participants
Policy information about studies involving human research participants

Population characteristics All samples were from a single institution, Chonnam National University Hospital, Korea. Age and sex were not controlled for. 
Detailed information about the samples is provided in Table 2 in the Supplementary Information.

Recruitment Clinicians recruited subjects who presented with COVID-19-related symptoms or who were suspected of SARS-CoV-2 
infection.

Ethics oversight The study was approved by the Institutional Review Board (IRB) of Chonnam National University Hospital, Korea.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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