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For three decades, polymerase chain reaction (PCR) has served 
as the gold-standard technique for the detection of nucleic 
acids from human clinical specimens1,2. However, PCR is 

not commonly performed as a clinical diagnostic at point-of-care 
(POC) settings, with one limitation being the difficulty and cost 
of instrumentation for ramping up and down the temperature in 
a repeated, fast and controlled manner3–6. In particular, traditional 
thermocyclers set the temperature of the reaction vessel using con-
ductive and convective heat transfer from heat blocks that exhibit 
the Peltier effect; due to large thermal mass and low thermal con-
ductivity of the heat blocks7, the thermocycling procedure requires 
bulky instrumentation and long operation time. These require-
ments have limited PCR to mainly the laboratory settings, contrib-
uting to a scarcity of accurate POC diagnostics and bottlenecks in 
test results during the COVID-19 pandemic6,8–11.

PCR is most commonly offered in the form of quantitative  
PCR (qPCR), which has transformed clinical diagnostics12 in  
allowing amplified products to be detected earlier during a run,  
and for infectious units to be quantified via cycle threshold (Ct) 
values. Compared with end-point PCR, the real-time fluorescence 
monitoring feature of qPCR poses additional technical hurdles 
for POC miniaturization. Instead of heat blocks, our approach  
for thermocycling uses direct heating of the solution via plas-
monic nanoparticles, in which infrared (IR) radiation interacts  
with the electrons of nanoparticles to produce oscillation of the 
electron cloud and subsequent generation of heat; this photother-
mal method achieves rapid heating of solutions13 with small optical 
components.

Although plasmonic heating has been applied for therapeu-
tic14,15 and molecular diagnostic16–18 applications, previous work in 
plasmonic PCR thermocycling has not demonstrated a real-time 
fluorescence monitoring capability, a central technical feature of 
qPCR (as opposed to end-point PCR19), which is the backbone of 
laboratory-based PCR methods for clinical diagnostics, including 
COVID-19 (refs. 20,21). For example, a previous study on plasmonic 
thermocycling examined fluorescence at a single wavelength on 
purified nucleic acids in buffer16, and another study used plas-
monic heating for end-point PCR rather than qPCR, and did not 
perform multiplexing within a single sample22; further comparison 
with previous work can be found in Supplementary Tables 1 and 2. 
A technical limitation to achieve real-time monitoring and qPCR 
has been fluorescence quenching from nanoparticles. Here we seek 
to achieve reverse-transcriptase quantitative PCR (RT-qPCR) in a 
single reaction vessel containing PCR chemistry, fluorescent probes 
and plasmonic nanoparticles, with the capability of multiplexed flu-
orescence monitoring during plasmonic thermocycling. We seek to 
demonstrate RT-qPCR to detect RNA from SARS-CoV-2 from both 
human saliva and nasal specimens, using small optical components, 
and more quickly from sample to result than current commercial 
POC devices (that is, under 30 min).

Main findings
Plasmonic RT-PCR with real-time fluorescence monitoring. We 
used an optics-driven setup for achieving both thermocycling at IR 
wavelengths and multispectral fluorescence measurements at vis-
ible wavelengths (Fig. 1a). A combination of nanomaterial selection, 
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instrument setup and deconvolution software enabled this capabil-
ity. First, in the reaction vessels, we used gold nanorods (AuNRs) 
with localized surface plasmon resonance in the near-infrared 
range (~850 nm); this wavelength range allowed the use of fluores-
cent probes for real-time fluorescence detection without the need to 
remove AuNRs (another study22 used nanoparticles with the maxi-
mum absorption at 535 nm, which overlaps with the emission spec-
tra of many currently used fluorescent probes for PCR). To drive 
thermocycling, an optical setup consisting of three IR light-emitting 
diodes (LEDs), operating at 850 nm and concentrically positioned 
around a thin-walled PCR tube, produced rapid heating through-
out the tube compatible with RT-PCR (Fig. 1b and Extended Data 
Fig. 1a). With previous work on plasmonic heating showing fluo-
rescence quenching by AuNRs22 and consequently an inability to 
monitor fluorescence in real time (as a separate mechanical step was 
needed for each fluorescence recording), we used a concentration 
of AuNRs that was sufficiently high to achieve the photothermal 
effect but also would not interfere with fluorescence measurements, 
to rapidly generate heat throughout the solution (20 µl in volume); 
during each cycle, cooling was achieved with a small 12 V fan (Fig. 
1b and Extended Data Fig. 1a). The intensity and time sequence of 
the LEDs were calibrated using a K-type thermocouple and custom 
LabVIEW program, which was fed into a second LabVIEW pro-
gram to automate the tuning of an open-loop control system.

Second, for real-time fluorescence monitoring, we excited and 
detected up to three fluorescent probes (FAM, SUN and ROX) 

with a common excitation source and detection source (Fig. 1c,d). 
In particular, with plasmon resonance of AuNRs at near-infrared 
wavelength, we used a fluorescence setup consisting of a 488 nm 
laser diode as the excitation source and an optical-fibre-coupled 
spectrometer that could detect multiple wavelengths (Fig. 1d). A 
series of collimating lenses, bandpass filter and condensing lens was 
employed (Extended Data Figs. 1 and 2). Overall, this fluorescence 
setup uses small components, with a total cost of goods less than 
US $1,000 at scale (with the spectrometer being the most expensive 
component), to achieve real-time multispectral fluorescence moni-
toring alongside plasmonic thermocycling.

We first demonstrated fast thermocycling using this method of 
optics-based heating. We used a K-type wire thermocouple inserted 
in the reaction vessel to measure the temperature, and incorporated 
proportional–integral–derivative control in a LabVIEW-based 
thermocycling program for precise temperature settings. This setup 
achieved amplification with initial temperature holds for 2 min 
for reverse transcription and 10 s for denaturation, followed by 
45 cycles of rapid thermocycling, in less than 15 min total (Fig. 2a). 
Across the 45 cycles of thermocycling, the setup achieved a heating 
rate of 6.7 ± 0.2 °C s–1 and cooling rate of −4.7 ± 0.1 °C s–1 (Fig. 2b). 
Next, we assessed the ability to perform RT-PCR via the fluores-
cence detection of amplified products from a template of purified 
SARS-CoV-2 RNA in buffer. Via end-point RT-PCR as assessed by 
a plate reader, for both N1 and N2 primer sets, the method achieved 
significantly amplified products compared with a negative template 
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Fig. 1 | Overall concept and design of multiplexed, real-time plasmonic RT-PCR. a, Schematic of multiplexed real-time plasmonic RT-PCR, with heating 
driven by IR LEDs acting on AuNRs and cooling aided by a 12 V fan. The AuNRs are suspended in solution in a 0.2 ml PCR tube, rapidly absorbing light 
from the LEDs and converting it to heat, allowing for fast PCR thermal cycling. A 488 nm laser and spectrometer setup provides real-time fluorescence 
detection and takes a measurement at the end of each annealing/extension hold. b, Schematic of the instrument. A PCR tube is surrounded by low-cost 
optical components, without Peltier heating elements. The main components of the instrument include a thin-walled PCR tube surrounded by three IR 
LED modules, a cooling fan, and a 488 nm laser and spectrophotometer setup for fluorescence detection. The three IR LED modules consist of 850 nm IR 
LEDs attached to heat sinks as well as heat-sink fans and placed concentrically surrounding the PCR tube. Temperature control can be achieved through 
closed-loop sensing with a wire thermocouple or through contactless open-loop control. c, Schematic of the fluorometer system. Light coming from a 
488 nm laser passes through a collimating lens and filter before reaching the PCR tube. Light emitted from the tube passes through a condensing lens and 
a 500 nm edge emission filter (Semrock) before travelling through an optical fibre to reach the spectrometer. d, Graph depicting non-overlapping optical 
spectra of various components within the system, namely, 488 nm excitation peak, three emissions (520, 555 and 610 nm), IR LED excitation and AuNR 
absorbance.
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control (NTC) (Fig. 2c). Human ribonuclease P (RP) was ampli-
fied as an internal-sample-processing control for all the reactions, 
as expected. This proof-of-concept experiment produced a limit of 
detection (LoD) of 5.9 × 103 copies per millilitre in less than 16 min 
(Fig. 2d). Further, we sought to demonstrate plasmonic RT-PCR 
on human saliva, a specimen matrix of clinical interest for POC 
diagnostics, including that for COVID-19 (ref. 23). Specifically, 
we tested 14 human saliva specimens collected from symptomatic 
patients (using a setup with two LEDs) and found a sensitivity of 
100% and specificity of 100%, compared with laboratory-based 
PCR (Extended Data Fig. 3). Although this set of experiments 
used a plate reader for end-point fluorescence measurements, this 
setup demonstrated the potential for an optics-based method for 
rapid, extraction-free, plasmonic RT-PCR from SARS-CoV-2 RNA  
targets, including those from human clinical specimens.

Next, we integrated a multispectral fluorescence detector into the 
IR thermocycling setup to detect fluorescence signals generated by 
molecular probes in real time. For fluorescence excitation, we used a 
high-powered, single-colour laser diode, and for multicolour detec-
tion, we used a collimating lens, an optical fibre and a spectrometer; 
a microcontroller was programmed to take measurements at the 
end of each cycle (Methods). Due to the known quenching of fluo-
rescence by AuNRs22,24, we first sought to investigate the potential 
interference of AuNRs in the reaction vessel with fluorescence dur-
ing a PCR process. In a proof-of-concept PCR reaction driven by a 

laboratory-based, real-time thermocycler, we observed that despite 
some fluorescence quenching in the presence of AuNRs, fluores-
cence could still be effectively monitored over the duration of a full 
qPCR amplification process (for amplifying spiked SARS-CoV-2 
DNA plasmids in human saliva) (Fig. 3a). Quantitatively, the Ct 
values calculated from fluorescence in the presence of AuNRs 
were unaffected compared with the Ct values calculated in their  
absence (Fig. 3b).

With these observations, we characterized our multispectral 
fluorescence detector setup. The full wavelength spectra collected 
by the spectrometer allowed for deconvolution via a custom-written 
algorithm. Based on amplification in our system and fluorescence 
measurements of individual targets, we were able to deconvolve the 
full spectra into individual peaks, which allowed the simultaneous 
detection of three nucleic-acid targets with three real-time probes 
tagged with FAM, SUN and ROX dyes (Fig. 3c).

We then sought to modify the software to enable real-time fluo-
rescence monitoring by triggering the laser and spectrometer after 
each amplification cycle. Monitoring the fluorescence of FAM, SUN 
and ROX in spiked human saliva specimens, we were able to clearly 
see the amplitude of the spectra increasing with each cycle over time, 
indicating the potential to perform multiplexed real-time RT-PCR 
(Fig. 3d). Plotting these data against cycle number confirmed the 
ability to obtain amplification curves and Ct values, simultaneously 
for three fluorophores, in real time (Fig. 3e).
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Fig. 2 | Achievement of fast, multiplexed, plasmonic RT-PCR. a, Well-controlled temperature sequence showing full RT-PCR in <15 min. Cycling 
parameters consisted of 2 min at 50 °C, 10 s at 95 °C, and 45 cycles between 60 and 95 °C with no holds. b, Consistent heating and cooling rates 
achieved throughout the 45 cycles in the data shown in a, with an average heating rate of 6.7 ± 0.2 °C s–1 and an average cooling rate of –4.7 ± 0.1 °C s–1 
(mean ± standard deviation (s.d.), n = 45). c, Initial positive amplification results using our plasmonic RT-PCR system as measured by end-point 
fluorescence on a plate reader. SARS-CoV-2-purified RNA in buffer was tested at a concentration of 5.9 × 105 copies per millilitre (n = 3 replicates per 
condition). Data are presented as mean ± s.d. **** indicates adjusted p < 0.0001, *** indicates p = 0.0001 and ns indicates ‘no significance’ as determined 
by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests. d, Initial photothermal amplification LoD data using purified 
RNA and fast amplification (<16 min). The threshold was determined by running three NTCs and taking the mean plus ten times the standard deviation 
(dotted line). All the concentrations were run in triplicate or more (n ≥ 3). Data are presented as mean ± s.d. Raw fluorescence for each concentration  
was compared with the NTC value via one-way ANOVA followed by Sidak’s multiple comparisons test and determined to be statistically significant  
(**** indicates adjusted p < 0.0001).
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Heating and quenching by AuNRs. To further characterize AuNR 
fluorescence quenching and validate our AuNR concentration 
selection, we tested the effect of AuNR optical density (OD) on the 
heating rate and fluorescence monitoring. Heating rate for vary-
ing AuNR ODs was used to identify the minimum concentration 
needed to cause temperature changes in the expected period of 
time. Concentrations lower than the system choice, that is, OD of 
2, demonstrated unacceptably slow heating rates that sacrifice rapid 

PCR performance, whereas increasing the concentration increases 
the heating rate nonlinearly and starts to level off at a limit near 
13 °C s–1 (Fig. 3f). AuNRs with OD of 2 demonstrated a heating rate 
of 6.5 °C s–1. We then tested the limitations of AuNR concentration 
on fluorescence quenching; higher AuNR concentrations decreased 
the normalized fluorescence intensity readout, but concentrations 
far above the OD of 2 remain within the fluorometer’s LoD (Fig. 3g).  
Combined with the results showing fluorescence and Ct values  
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during amplification (Fig. 3a,b), this confirmed that AuNR quench-
ing at the chosen concentration of OD of 2 does not affect the flu-
orometer’s ability to accurately detect signal changes during PCR 
amplification.

Testing COVID-19 virus, human samples, variants and related 
viruses. We tested the ability of the setup, with integrated plas-
monic thermocycling and multispectral fluorescence monitor-
ing, to amplify and detect inactivated SARS-CoV-2 virus particles  
(BEI Resources) spiked into human saliva at varying viral loads (dilu-
tion of specimen with the buffer followed directly by extraction-free 
RT-PCR has been previously shown to work for nasopharyngeal 
swabs25,26 and heat-inactivated saliva samples27,28). In an initial 
proof-of-concept experiment, we measured the end-point fluores-
cence spectra with our integrated fluorometer. We focused on the 
detection of the N1 target, as indicated by FAM, as well as the detec-
tion of RP, as indicated by ROX. Using virus concentrations rang-
ing from ~180,000 to ~4,000 copies per millilitre in human saliva as 
positive samples (within the range of SARS-CoV-2 virus exhibited 
in saliva of most patients29,30), the fluorescence values of runs per-
formed on positive samples were clearly distinguishable from those 
run on samples without templates (NTCs), with the end-point fluo-
rescence signals across the spectra to be proportional to the amount 
of starting virus in the sample (Fig. 4a).

Next, we performed real-time monitoring in our integrated 
plasmonic RT-PCR instrument, testing inactivated SARS-CoV-2 
virus spiked into human saliva. The average run time, includ-
ing all the steps of RT-PCR thermocycling, was 17.9 ± 0.1 min. 
The real-time setup could successfully detect virus concentrations 

as low as 4,425 copies per millilitre (Fig. 4b) (which is within the 
clinically relevant viral load range in saliva for most COVID-19 
human subjects29,30). Towards quantitation, for the control, Ct val-
ues for human RP were similar across different concentrations of 
spiked SARS-CoV-2 in saliva, which was different from buffer NTC 
(Fig. 4c, right). By comparison, log-fold differences in copy num-
bers produced smaller Ct values as virus concentrations increased, 
as expected (Fig. 4c, left), and both saliva NTCs and buffer NTCs 
were not detected. In addition, we analysed spiked saliva specimens 
with the addition of N2 (to N1 and RP), and saw a similar LoD of 
2,212 copies per millilitre (testing concentrations below the previ-
ous lowest LoD value confirmed a trend towards loss of signal past 
2,212 copies per millilitre (Fig. 4d)). Further analysing the quantita-
tive capability of plasmonic RT-qPCR, we compared the Ct values 
(for viral N1 detection) from varying concentrations with those 
samples run on a laboratory-based PCR. The Ct values for the two 
approaches exhibited a coefficient of determination of 0.9603, fur-
ther demonstrating the potential for quantitative analysis in our 
instrument (Fig. 4e).

We tested 19 human saliva specimens (ten positives and nine neg-
atives) on the integrated setup with plasmonic thermocycling and 
real-time fluorescence monitoring. The runs took 21.0 ± 1.1 min. 
The setup yielded a sensitivity of 100% and specificity of 100%  
(Fig. 4f), and an area under the curve of 1.0 (Fig. 4g) compared 
with the reference of laboratory-based PCR. We also evaluated the 
quantitative capability of the setup. The Ct values obtained in this 
setup exhibited a coefficient of determination of 0.9795 compared 
with the Ct values of the same samples run on a laboratory-based 
PCR instrument (Fig. 4h). Past studies have placed Ct values into 

Fig. 3 | Integration of real-time fluorescence detection without removal of AuNRs. Integration with onboard spectrometer, characterization of AuNR 
OD effect on heating and fluorescence, and analytical characterization of integrated fast RT-PCR amplification of inactivated SARS-CoV-2 virus spiked 
in patient saliva. a, Addition of AuNRs (OD of 18) to RT-PCR reactions quenches the raw fluorescence signal as shown by plotting raw fluorescence as 
a function of cycle number from reactions on the QuantStudio instrument. 2019-nCoV-N-positive control plasmids (from IDT) were used. b, Despite 
quenching, the Ct values for the data in a remain unaffected with and without AuNRs. One-way ANOVA followed by Sidak’s multiple comparisons test 
was performed, where ** indicates adjusted p < 0.01 and ns indicates no statistical significance (n = 3 per condition). For the reactions containing AuNRs, 
the significance was p = 0.0066. For the reactions without AuNRs, the significance was p = 0.0015. c, Multispectral detection was achieved using a single 
excitation laser and a spectrometer, and multiple linear regression for spectral deconvolution. N1 amplification is detected via FAM, N2 via SUN and RP via 
ROX. d, Real-time amplification and detection as shown through all the three raw spectral curves increasing over time. e, Deconvolved fluorescence values 
(for three individual targets/colours) against cycle number to calculate the Ct values (Methods provides the Ct value calculations). f, Effect of AuNR OD 
on the heating rate. Heating rate (°C s–1) increases for increasing ODs of AuNRs (n = 40 for each concentration). g, Effect of AuNR OD on fluorescence 
monitoring. Normalized fluorescence intensity detection decreases for increasing ODs of AuNRs in dyed TE buffer (using a FAM oligonucleotide from IDT) 
measured with a fluorometer (n = 9 for each concentration). The fluorometer’s LoD indicated by the dotted line (calculated with average fluorescence 
intensity of stock nanoparticles (OD of 94) with no dye plus ten times the standard deviation). Fluorometer values normalized to the average of OD of 
zero measurements. The data for figures with error bars are presented as mean ± s.d.

Fig. 4 | Multiplexed plasmonic RT-qPCR for detection of SARS-CoV-2 using inactivated viruses and clinical specimens. a, End-point fluorescence spectra 
detection. b, Real-time amplification curves in plasmonic RT-qPCR runs. c, Ct values for N1 and RP, demonstrating detection down to 4,425 copies per 
millilitre (n = 3 replicates/concentration). For N1, all concentrations were statistically significant from saliva no template control (NTC) and buffer NTC 
samples (p<0.0001), and all significant from each other except for 17,750 copies per millilitre vs 8,850 copies per millilitre which is only a two-fold instead 
of a ten-fold dilution. d, Ct values for N1, N2 and RP targets for additional concentrations (n = 3 replicates/concentration). The lowest concentration 
detected was 2,212 copies per millilitre. For COVID targets, one-way ANOVA followed by Tukey’s multiple comparisons showed 8,850 copies per millilitre, 
4,425 copies per millilitre, and 2,212 copies per millilitre were all statistically significant from the saliva NTC. e, N1 Ct values from prototype runs versus 
QuantStudio (QS) (n = 3 replicates/concentration). f, Clinical saliva specimen testing for ten positive and nine negative specimens, showing 100% 
sensitivity and 100% specificity. g, Receiver operating characteristic (ROC) curve for specimens tested in f. h, Comparison of N1 Ct values from instrument 
versus QuantStudio. i, Clinical nasal specimen testing for 20 positive and 29 negative specimens for target N1, showing 100% sensitivity and 100% 
specificity. j, ROC curve for specimens tested in i. k, Comparison of N1 Ct values for nasal clinical specimens tested with plasmonic versus QuantStudio. 
l, Clinical nasal specimen testing for 20 positive and 29 negative samples for target N-gene, showing 100% sensitivity and 100% specificity. m, ROC 
curve for specimens tested in l. n, Comparison of N-gene Ct values for nasal clinical specimens tested with plasmonic versus QuantStudio. o, Standard 
curve plotting N1 Ct values for serial dilutions of a clinical specimen (Extended Data Fig. 4). LoD of less than 104 copies per millilitre was obtained for all 
the three specimens. p, Serial dilutions for the B.1.1.7 variant run on the plasmonic instrument, with an LoD of 2,350 copies per millilitre (n = 3 replicates/
concentration). q, No cross-reactivity detected for N1 and N2 probes tested against MERS (n = 23) and human coronavirus NL63 (n = 27). Data for all the 
figures with error bars are presented as mean ± s.d. Supplementary Information provides more details of each panel.
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bins (for example, five cycles per bin or cutoff threshold values31,32) 
to present different viral loads that correlated with the severity of 
COVID-19 disease; here recognizing that there are offsets in Ct 

values across different PCR setups, the samples testing low in the 
plasmonic RT-qPCR (for example, Ct < 33) also test low with the 
laboratory-based PCR (for example, Ct < 30).
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To further illustrate the versatility and broad applicability of 
this approach, in addition to the saliva data collected, we tested 
49 human clinical specimens collected nasally (20 positives and 
29 negatives) on the integrated setup with plasmonic thermo-
cycling and real-time fluorescence monitoring. The runs took 
24.1 ± 0.9 min. Two COVID targets were simultaneously detected 
in the same tube: N1 and N-gene. The setup yielded a sensitivity of 
100% and specificity of 100% (Fig. 4i,l), and an area under the curve 
of 1 for both COVID targets (Fig. 4j,m) compared with a reference 
of laboratory-based PCR. We also evaluated the quantitative capa-
bility of the setup. The Ct values for N1 and N-gene obtained in this 

setup exhibited a coefficient of determination of 0.9960 and 0.9600, 
respectively, compared with the Ct values of the same samples run 
on a laboratory-based PCR instrument (Fig. 4k,n).

Moreover, we performed serial dilutions of three clinical speci-
mens, created a standard curve relating Ct value to concentration 
and determined an LoD of less than 104 viral copies per millilitre 
for all the three specimens (Fig. 4o and Extended Data Fig. 4b–e), 
similar to that measured from spiked viruses. This observation was 
consistent with the estimation of viral loads in the clinical speci-
mens from Fig. 4f–n; these measurements showed that the previous  
quantification took place across a wide range of concentrations, 
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between 103 and 106 copies per millilitre for saliva specimens and 
104 and 109 copies per millilitre for nasal specimens (Extended  
Data Fig. 5).

Much of the previous data (Fig. 4a–e) were tested on the 
USA-WA1/2020 strain. To assess the effectiveness of our technique 
for another variant, we also performed testing with SARS-CoV-2 
B.1.1.7 (Alpha) variant. The data showed the detection of N1 down 
to 2,350 copies per millilitre of spiked B.1.1.7 virus (Fig. 4p), which 
closely replicates the previously demonstrated LoD, therefore show-
ing success with two different variants.

To evaluate whether this approach could distinguish between 
SARS-CoV-2 and closely related viruses, we tested whether our 
method would detect the Middle East respiratory syndrome (MERS) 
and human coronavirus NL63, which are considered ‘high-priority 
pathogens from the same genetic family’ as SARS-CoV-2 with rela-
tively high degrees of homology33. As expected, out of the 23 MERS 
replicates and 27 NL63 replicates, all of them tested at a high con-
centration of 1.9 × 106 copies per millilitre and yielded a positive 
human RP control, and none resulted in amplification for N1 or 
N2 (Fig. 4q).

Sample-to-result workflow for POC applications. Finally, for the 
COVID-19 application, we noted that the extraction-free process-
ing of human saliva specimens as input into plasmonic RT-qPCR 
could potentially result in a simple workflow when considered 
more broadly from sample collection to result. We tested this entire 
sample-to-result workflow, using a custom-designed cartridge that 
metres out saliva specimens followed by operation of the inte-
grated plasmonic RT-qPCR instrument (Fig. 5 and Supplementary 
Video 1) (in previous studies of plasmonic thermocycling, clini-
cal specimens were generally not tested; in another study without 
real-time fluorescence monitoring, an RNA extraction cartridge 
was separately tested but not together with thermocycling clinical 
samples from sample to result22). First, we verified the ability of the 
sample cartridge to dispense consistent volumes of water, showing 
a precision of 9.2 ± 1.4 µl (n = 11) (Fig. 5d). Next, we tested nine 
human saliva specimens (six positives and three negatives) in a full 
workflow from sample to result. The time from sample to result 
was 22–23 min, and the setup exhibited a sensitivity of 100% and 
specificity of 100% compared with a reference of laboratory-based  
PCR (Fig. 5e).

Conclusions
For over three decades and during the COVID-19 pandemic, PCR 
methods have remained the indisputable gold-standard technique 
for clinical diagnostics. However, its use has still been limited in 
POC settings34. As an alternative to traditional thermocyclers, 
which rely on bulky heat blocks, plasmonic thermocycling pro-
vides a miniaturizable path for driving thermocycling, but previous 
work did not demonstrate the qPCR capability—the most com-
monly performed version of PCR in clinical diagnostics—on clini-
cal specimens. Although fluorescence quenching by nanoparticles 
dampens the overall fluorescence signal, this work demonstrates 
that under appropriate nanoparticle concentrations and condi-
tions, a real-time, accurate and multiplexed fluorescence read-
ing can be achieved with a spectrometer with a single-wavelength 
light source, followed by deconvolution of the mixed fluorescence 
spectra. This approach—based on a combination of nanomaterial 
selection, instrument setup and deconvolution software—enabled 
RT-qPCR capability for detecting RNA copies of SARS-CoV-2 from 
human clinical specimens, collected either as saliva or nasally, at 
clinically relevant sensitivities, and with quantitative capabilities. 
We demonstrated a sample-to-result time of 22–23 min, including 
sample preparation, and an LoD of 2.2–4.4 copies per microlitre, 
which was competitive with other methods (for example, a study 
with plasmonic thermocycling22 demonstrated a time to detection 

of 17 min, excluding sample preparation, with an LoD of 3.2 cop-
ies per microlitre, although other studies35 have demonstrated 1 min 
thermocycling for the PCR portion on targets in buffer). By the use 
of compact optical components for plasmonic thermocycling, the 
method was fast and miniaturizable for POC use. Our instrument 
showed no cross-reactivity with other viruses in the same genetic 
family, and worked robustly for two different SARS-CoV-2 strains. 
Moreover, the N1 primer and probe used in this work has been dem-
onstrated to successfully detect other variants, including Omicron36 
and Delta37; in the future, standard in silico analysis, as per United 
States Food and Drug Administration (US FDA) guidelines33, can 
be used to prepare PCR primers for future variants.

This demonstration of plasmonic RT-qPCR holds multiple 
advantages for the diagnosis of COVID-19 and other infectious dis-
eases compared with previous work. First, since fluorescence mea-
surements do not require AuNRs to be removed from the vessel, 
concerns for biosafety for the user at a POC setting are reduced. 
Second, real-time monitoring could give early indication for 
strongly positive specimens with low Ct values12. Third, Ct values 
are widely analysed in clinical diagnostics; although not yet conclu-
sive for COVID-19 (ref. 38), there is strongly suggestive evidence that 
Ct values correlate with severity (for example, patients with severe 
COVID-19 tend to have a high viral load and a long virus-shedding 
period, pointing to the utility of viral load for assessing disease sever-
ity and prognosis31,39,40). Fourth, the ability to monitor and detect 
more than one viral target in addition to a human control target 
(a previous study with plasmonic thermocycling demonstrated one 
total target of DNA in buffer16) is of increasing relevance for detect-
ing SARS-CoV-2 variants. Fifth, a demonstration of integrated 
sample-to-result workflow (versus separate cartridge and analytical 
steps22) further highlights the potential of plasmonic thermocycling 
for real clinical utility. Moreover, because of the potential shortage 
of RNA extraction reagents, extraction-free methods that avoid 
purification could be advantageous25,26; this study demonstrates 
plasmonic RT-PCR on clinical specimens from sample collection 
to result, with a workflow that takes advantage of the weak spot 
in the lipid bilayer41 like other extraction-free saliva demonstra-
tions25–28. To facilitate the rapid processing of multiple samples, the 
instruments can be stacked in a compact manner (Extended Data 
Fig. 6) to provide fast individualized results in high-traffic situa-
tions. Overall, the quantitation and multiplexing capabilities of this 
study closes the gap between the plasmonic thermocycling method 
and qPCR capabilities performed by current clinical diagnostic 
methods, and achieves this via an all-optics approach that could be 
offered in a POC format and with rapid thermocycling. Future work 
could include an expanded demonstration on a large set of patient 
samples suitable for clinical-level validation.
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Methods
Design of instrument for plasmonic thermocycling. The integrated setup 
consisted of both plasmonic thermocycling and multispectral fluorometry, 
both of which can operate on the same reaction vessel with no moving 
components or steps. The plasmonic thermocycling prototype was developed 
with the following capabilities: (1) consistent heating via AuNRs, (2) real-time 
fluorescence detection and (3) compatibility with a simple sample cartridge. 
Briefly, a hexagonal three-dimensional printed hub was designed to contain all 
the optical components concentrically surrounding the PCR tube. Three IR LEDs, 
arranged in a hexagon-like manner, were aimed at the PCR tube. Each LED was 
positioned underneath a lens and on top of a custom-machined heat sink and 
fan to prevent overheating. An additional 12 V fan was positioned near the PCR 
tube and used to cool the sample. An airflow chamber was cut out of the bottom 
of the three-dimensional printed hub to ensure airflow over the PCR tube. The 
fluorometer components (Fig. 1c, laser and spectrometer setup) were positioned 
in the remaining sides of the hub and connected to an Arduino Mega board. 
The fluorometer was designed to comprise a 488 nm laser diode as the excitation 
source, with light passing through a collimating lens and bandpass filter before 
entering the PCR tube. The light emitted by the reaction fluid is passed through 
a series of filters (excitation blocking, IR blocking and longpass filtering) and 
a condensing lens and is then collected into a 600-μm-diameter optical fibre, 
and measured by a spectrometer (Ibsen). An annotated image of the prototype 
(Extended Data Fig. 1) further demonstrates the hexagonal positioning of the 
components, and a wiring diagram (Extended Data Fig. 2) details the electronic 
connections used.

Reaction conditions. Functionalized silica-coated AuNRs were purchased from 
Nanopartz. AuNRs had a surface plasmon resonance peak of ~850 nm (slight 
variation between batches) and an aspect ratio of ~4.5 nm. A 10 nm silica coating 
was used to prevent the adsorption of proteins during the PCR reaction. Unless 
otherwise noted, the reaction conditions were as follows. PCR reactions consisted 
of the following: 10 µl 2X PrimeScript III from Takara (Cat. RR600A), AuNRs 
(Nanopartz, final OD of 2), 500 nM forward and reverse primers (Integrated DNA 
Technologies), and 125 nM probes (Integrated DNA Technologies). Similar to the 
Centers for Disease Control and Prevention’s RT-PCR test, we used the N1 and 
N2 primers and probes to target the SARS-CoV-2 nucleocapsid gene, and the RP 
primers and probes to target a human ribosomal protein (Rp) gene (Supplementary 
Table 3). Some reactions used an alternative nucleocapsid gene (designated 
‘N-gene’) (Supplementary Table 3). The targets were detected using a combination 
of FAM, SUN, HEX and ROX fluorophores. For all the reactions on the prototypes, 
evaporation was prevented with Chill-out liquid wax (Bio-Rad) or mineral oil, 
unless otherwise noted.

Unless otherwise noted, for the plasmonic instrument, thermocycling 
conditions were as follows: reverse transcription for 2–5 min at 45–50 °C, followed 
by initial denaturation for 10–20 s at 95 °C. Next, the reaction cycled 40–45 times 
between a low temperature (58–60 °C) held for 0–8 s and a high temperature 
(91–97 °C) held for 0–1 s.

Initial testing of amplification using plasmonic RT-PCR. For experiments with 
RNA (Fig. 2), spiked RNA (BEI, Cat. NR-52285) in 1X TE buffer (10 mM Tris-HCl 
and 1 mM EDTA, Integrated DNA Technologies) was used to bring the reaction 
volume up to 20 µl. The NTCs were tested with the same mix and conditions but 
without any SARS-CoV-2 RNA template, which was instead replaced with TE 
buffer only. Positive and negative controls were also run on a QuantStudio 6 Pro 
system. The prototype temperature was controlled using a K-type thermocouple 
for closed-loop thermal cycling conditions (Fig. 2a,b). A Python script identified 
the times and temperatures at which the maximum and minimum temperatures 
were reached and then the average heating and cooling rates were calculated for 
each cycle. Fluorescence measurements were made on a BioTek plate reader by 
aliquoting the 20 µl post-PCR reaction to a 384-well plate, and the emission data 
were collected for 5-FAM, SUN and ROX dyes (measuring the amplification 
of SARS-CoV-2 N1, SARS-CoV-2 N2 and human RP, respectively). The LoD 
threshold was determined by running three NTCs and taking the mean raw 
fluorescence plus ten times the standard deviation (Fig. 2d, dotted line). All the 
concentrations were run in triplicate, except 2,960 copies per millilitre (which had 
six replicates). Raw fluorescence for each concentration was compared with the 
NTC value via one-way ANOVA followed by Sidak’s multiple comparisons test.

For the experiments in Fig. 3a,b, a final concentration of OD of 18 was used for 
the nanoparticles. A 10 µl PCR reaction with TaqPath ProAmp Master Mix, CG, 
from Thermo Fisher Scientific (Cat. A30865) was used with 500 nM forward and 
reverse primers (Integrated DNA Technologies) and 125 nM probes (Integrated 
DNA Technologies). A complementary DNA sample was thermocycled on the 
QuantStudio system for 20 s at 95 °C followed by 40 cycles between 95 °C (1 s) 
and 60 °C (2 s). After the cycles, there was a 30 s hold at 60 °C. The Ct values were 
determined by the QuantStudio desktop analysis software.

For the experiments in Fig. 3c–e, spiked inactivated virus (BEI, Cat. NR-52286) 
in 1:1 mixture of donor saliva (Innovative Research, Cat. IRHUSLS5ML) and 1X 
TE buffer was used to bring the reaction volume up to 20 µl. The temperature was 
controlled with a thermocouple for closed-loop cycling parameters. Fluorescence 

measurements on the prototype were made as follows: raw fluorescence spectra 
were collected by the spectrometer at the end of the annealing/extension step 
during each cycle. These spectra were analysed using least squares regression, 
based on ideal peaks experimentally determined by measuring the fluorescence 
spectra for amplicons containing the PCR product from a single fluorophore.  
Next, each component signal was plotted against the cycle number. For Fig. 3e,  
the fluorescence for each fluorophore was normalized by its maximum value  
in that run.

For Extended Data Fig. 3, a 10 µl PCR reaction with Reliance One-Step 
Multiplex RT-qPCR Supermix from Bio-Rad (Cat. 12010176) and nanoparticles 
with a final concentration of OD of 18 was used. N1 was detected with FAM and 
RP was detected with HEX. The final primer concentration was 400 nM and the 
final probe concentration was 100 nM. Plasmonic thermal cycling conditions 
consisted of 1 min at 45 °C and 20 s at 95 °C, followed by 40 cycles between 54 °C 
(20 s) and 95 °C (0 s), as controlled by an IR pyrometer. Evaporation was prevented 
with 75 µl of Chill-out PCR wax. Saliva specimens were obtained from Mirimus 
Foundation and SUNY Downstate from patients suspected of being infected with 
SARS-CoV-2 and stored at 4 °C on receipt. The samples were heat inactivated for 
5 min at 95 °C before receipt. The samples were diluted at 1:1 in 1X TE buffer and 
added to the PCR reaction mix to reach 10 µl. Fluorescence was measured after 
amplification on a BioTek plate reader.

Characterization of heating and fluorescence quenching by AuNRs. For the 
AuNR heating-rate characterization (Fig. 3f), dilutions were prepared in 1X TE 
buffer with AuNR concentrations ranging from OD of 0.5 to 8.0. Five samples of 
each concentration were thermocycled between 60 and 95 °C eight times (no holds) 
by a closed-loop LabVIEW program. A Python script identified the times and 
temperatures at which the maximum and minimum temperatures were reached 
and then the average heating and cooling rates were calculated for each cycle. The 
results are reported as the average of 40 measurements per concentration.

For the quenching characterization (Fig. 3g), dilutions were prepared in 1X TE  
buffer with AuNR concentrations ranging from OD of 0 to 32. An oligo with FAM  
attached was used as a fluorophore. For each concentration of AuNR, the concen
tration of FAM oligo was kept constant at 1.43 μM. All the values are normalized to 
the average fluorescence measurements of the samples with OD of 0 (the brightest 
sample). For each concentration, three samples were measured three times each, 
and the data are reported as nine replicates. The optical LoD was calculated as the 
average plus ten times the standard deviation of stock AuNR (OD of 94).

Evaluation of performance of plasmonic PCR. For Fig. 4a–c,e, spiked inactivated 
virus (BEI, Cat. NR-52286) in 1:1 mixture of donor saliva (Innovative Research, 
Cat. IRHUSLS5ML) and 1X TE buffer was used to bring the reaction volume up 
to 20 µl. The NTCs were tested with the same mix and conditions but without any 
template (inactivated SARS-CoV-2 virus). Buffer NTCs indicate the use of a TE 
buffer only, and saliva NTCs indicate the use of donor saliva mixed in 1:1 with the 
TE buffer as described below. Positive and negative controls were also run on a 
QuantStudio 6 Pro system. Thermocycling conditions were initially calibrated in 
LabVIEW using closed-loop control, and the output was converted to an open-loop 
format for testing. The samples were considered positive on the prototype if 
both N1 and RP were detected (Ct < 46). As commonly done for diagnostic tests, 
samples for which human RP failed to amplify were considered indeterminate42. 
Onboard fluorescence measurements on the prototype were made as previously 
described. For Fig. 4b, N1 fluorescence was smoothed and normalized. The baseline 
was individually selected for each run to account for fluorometer noise. The 
fluorescence threshold value was calculated as the mean plus ten times the standard 
deviation of the baseline. The Ct value was calculated to be the interpolated cycle at 
which the fluorescence signal crossed the calculated threshold value. Any Ct value 
less than the number of cycles was interpreted as positive.

For Fig. 4d, spiked inactivated virus (BEI, Cat. NR-52286) in 1:1 mixture of 
donor saliva (Innovative Research, Cat. IRHUSLS5ML) and 1X TE buffer was used 
to bring the reaction volume up to 20 µl. The NTCs were tested with the same mix 
and conditions but without any template (inactivated SARS-CoV-2 virus). Saliva 
NTCs indicate the use of donor saliva mixed in 1:1 with the TE buffer as described 
above. Positive and negative controls were also run on a QuantStudio 6 Pro system. 
Thermocycling conditions were initially calibrated in LabVIEW using closed-loop 
control, and the output was converted to an open-loop format for testing. Onboard 
fluorescence measurements on the prototype were made as described above. The 
baseline was preselected to be cycles 0–20. The fluorescence threshold value was 
calculated as the mean plus ten times the standard deviation of the baseline. The 
Ct value was calculated to be the interpolated cycle at which the fluorescence 
signal crossed the calculated threshold value. Any Ct value less than the number 
of cycles was interpreted as positive. The samples were considered positive if N1 
or N2 was detected (regardless of RP detection). The LoD was determined as the 
lowest concentration resulting in the positive detection of at least three out of three 
samples, based on US FDA guidelines43 and established standard of many products 
obtaining emergency use authorization.

Detection of SARS-CoV-2 RNA from human clinical saliva samples. For 
Fig. 4f–h, the PCR reactions were similar to those generally described above. 
Deidentified clinical specimens were obtained under a protocol approved by the 
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Columbia University Medical Center Institutional Review Board (AAAT0100). 
Saliva specimens were obtained from Mirimus Foundation and SUNY Downstate 
from patients suspected of being infected with SARS-CoV-2 and stored at  
4 °C on receipt. The samples were not heat inactivated. The samples were diluted 
at 1:1 in 1X TE buffer and added to the PCR reaction mix (as described above) to 
reach 20 µl.

Although all the clinical testing occurred within two weeks of receiving the 
samples, in light of possible sample degradation during transportation and storage, 
we reconfirmed the status of the specimens by running them in duplicates on 
laboratory-based qPCR using a Thermo Fisher QuantStudio 6 Pro instrument, 
which acted as our laboratory-based PCR reference (consistent with previous 
studies using established RT-qPCR methods to measure SARS-CoV-2 RNA 
from human saliva specimens44,45). Positive and negative reaction controls were 
included on every QuantStudio plate: templates for positive control reactions 
contained 4,425 copies per millilitre of inactivated SARS-CoV-2 virus from nCoV 
2019-nCoV/USA-WA1/2020 (BEI, Cat. NR-52286) in 7.9 µl of a single human 
donor saliva from Innovative Research (Cat. IRHUSLS5ML) mixed in 1:1 with 1X 
TE buffer from Integrated DNA Technologies (Cat. 11–01–02–02), saliva negative 
reaction controls contained only saliva and TE buffer, and buffer negative reaction 
controls only contained the buffer. Reactions were run on a QuantStudio 6 Pro 
real-time PCR system (Applied Biosystems) using a thermal cycling program for 
2 min at 50 °C, 1 min at 95 °C, and 40 cycles of 2 s at 60 °C and 1 s at 95 °C. The Ct 
values were determined using the QuantStudio desktop analysis software. A sample 
was considered positive if N1 was detected, negative if N1 was not detected and RP 
was detected, and indeterminate if neither N1 nor RP was detected (Supplementary 
Table 4). Indeterminate samples were excluded from the analysis. Only samples for 
which both duplicate wells were correctly amplified (positives) or did not amplify 
(negatives) in QuantStudio (for laboratory-based PCR) were considered viable.

For the plasmonic instrument, thermocycling conditions were initially 
calibrated in LabVIEW using closed-loop control, and the output was converted 
to an open-loop format for testing. Fluorescence signals were collected and 
deconvolved as described above. The baseline was preselected to be cycles 8–18 but 
was modified for two samples to account for fluorescence noise. The fluorescence 
threshold value was calculated as the mean plus ten times the standard deviation 
of the baseline. The Ct value was calculated to be the interpolated cycle at which 
the fluorescence signal crossed the calculated threshold value. Any Ct value 
less than the number of cycles was interpreted as positive. The samples on the 
prototype were considered positive if N1 was detected (Ct < 46) regardless of RP 
detection, negative if N1 was undetected and RP was detected, and indeterminate 
if both targets were undetected. All the clinical samples were tested once if 
positive or negative, and twice if indeterminate. If an indeterminate sample tested 
either positive or negative on repeating the run, that result was used (possibly 
due to variability of patient saliva and/or an opportunity to explore additional 
lysis reagents in the buffer, the setup initially produced 14 indeterminate results 
in which human Rp gene was not initially detected; although re-running the 
specimen produced viable results for nine samples to leave the total number of 
indeterminate results to five, we are working to refine the sample collection and 
preprocessing protocol to minimize the number of indeterminates). For all the 
viable samples, our results were fully concordant with the reference results from 
Mirimus Foundation for which the TaqPath kit (emergency use authorization by 
the US FDA) was used.

Detection of SARS-CoV-2 RNA in human clinical nasal samples. For Fig. 4i–n, 
deidentified clinical specimens were obtained frozen from the PATH Washington 
COVID-19 Biorepository (PATH, Seattle, USA), hereafter the Biorepository, and 
stored at 4 °C after thawing. The samples tested in Fig. 4i–n underwent a 1 min 
heat lysis step at 95 °C before testing. A 7.7 µl aliquot of undiluted clinical sample 
was added to each 20 µl PCR reaction. In light of possible sample degradation 
during transportation and storage, we confirmed the status of the specimens by 
running them in triplicates on laboratory-based qPCR using a Thermo Fisher 
QuantStudio 6 Pro instrument, which acted as our laboratory-based PCR 
reference. QuantStudio reactions used a thermal cycling program of 5 min at 50 °C, 
10 s at 95 °C, and 40 cycles of 8 s at 60 °C and 1 s at 95 °C. Positive and negative 
reaction controls were included on every QuantStudio plate: templates for positive 
control reactions contained <5,000 copies per millilitre of inactivated SARS-CoV-2 
virus from nCoV 2019-nCoV/USA-WA1/2020 (BEI, Cat. NR-52286) in 7.7 µl of 
1X TE buffer from Integrated DNA Technologies (Cat. 11-01-02-02), and buffer 
negative reaction controls contained only buffer and Master Mix. The Ct values 
were determined using the QuantStudio desktop analysis software. Only samples 
for which all the three triplicate wells were correctly identified for both N1 and 
N-gene as positive or negative by QuantStudio were considered viable.

For the plasmonic instrument, the temperatures were controlled using 
closed-loop sensing with a wire thermocouple, and thermal cycling conditions 
were programmed in LabVIEW. The Ct values were called using a custom Python 
script, which identified the fractional cycle at which the second derivative of 
the fluorescence signal was at its maximum, a method that has been previously 
validated46. Any Ct value less than the number of cycles was interpreted as positive. 
A sample was considered positive if N1 or N-gene was detected (regardless of RP 
detection); negative if neither N1 nor N-gene was detected and RP was detected; 

and indeterminate if N1, N-gene and RP were not detected (Supplementary Table 5).  
The samples were tested once if positive or negative, and twice if indeterminate. 
If an indeterminate sample tested either positive or negative on repeating the run, 
that result was used. If a sample tested indeterminate a second time on repeating 
the run, it was excluded from the analysis. Only three samples had indeterminate 
results. Re-running the samples produced viable results for one of the specimens, 
leaving the final number of indeterminate samples at two. All the viable samples 
were concordant with disease status reported from the Biorepository.

Detection of SARS-CoV-2 RNA in diluted human clinical nasal samples. For 
a subset of samples (Fig. 4o and Extended Data Fig. 4b–e), the QuantStudio Ct 
value was used to estimate the viral load based on a spiked-virus standard curve. 
These clinical samples were then diluted in TE buffer to the desired estimated 
concentration and tested on the plasmonic instrument three times per dilution.

Deidentified clinical specimens were obtained frozen from the Biorepository 
and stored at 4 °C after thawing. The samples tested in Fig. 4o and Extended Data 
Fig. 4b–e underwent a 1 min heat lysis step at 95 °C before testing. A 7.5 µl aliquot 
of undiluted, lysed clinical sample was added to a 20 µl PCR reaction. We first 
tested the specimens in triplicate on laboratory-based qPCR using a Thermo Fisher 
QuantStudio 6 Pro instrument. The clinical samples were concurrently run on 
QuantStudio with a full standard curve, which ranged from 1.8 million copies per 
millilitre to <5,000 copies per millilitre of heat-inactivated SARS-CoV-2 USA/CA_
CDC_5574/2020 (BEI, Cat. NR-55245) spiked into 1X TE buffer. The Ct values 
were determined using the QuantStudio desktop analysis software.

To determine the viral load of the clinical samples, we first used the 
spiked-virus serial dilution to correlate the QuantStudio Ct value with the 
concentration of the spiked virus. A log-plot of the QuantStudio Ct values versus 
concentration of spiked virus was generated in GraphPad Prism and a linear 
regression equation was fit to the data (Extended Data Fig. 4a). The Ct values 
from the clinical samples were then translated into estimated viral concentrations 
based on the regression equation (Fig. 4o and Extended Data Figs. 4 and 5). 
Concentrations for diluted samples (Fig. 4o and Extended Data Fig. 4b–e) were 
calculated based on the estimated raw-sample viral concentrations.

From the estimated clinical-sample viral concentrations, we sought to 
determine whether our device could detect down to the same LoD of virus in 
clinical samples as we had previously shown with the spiked virus. To do this, we 
tested the serial dilutions of clinical samples on our plasmonic instrument. The 
temperatures were controlled using closed-loop sensing with a wire thermocouple, 
and thermal cycling conditions were programmed in LabVIEW. To quantify the 
amplification, the fluorescence threshold was calculated as the mean plus ten times 
the standard deviation of the average of the baseline, which was predetermined to 
be cycles 11–23. The Ct value was calculated to be the interpolated cycle at which 
the fluorescence signal crossed the calculated threshold value. Any Ct value less 
than the number of cycles was interpreted as positive. A sample was considered 
positive if N1 or N2 was detected (regardless of RP detection); negative if neither 
N1 nor N2 was detected and RP was detected; and indeterminate if N1, N2 and 
RP were not detected (Supplementary Table 5). Indeterminate runs were excluded 
from the analysis.

The clinical-sample serial dilutions were used to create a plasmonic-instrument 
standard curve (Fig. 4o and Extended Data Fig. 4c–e) with a regression equation fit 
to the data in GraphPad Prism.

Specificity testing with viruses closely related to SARS-CoV-2. To evaluate 
whether our assay could distinguish between SARS-CoV-2 and closely related 
viruses, we tested higher concentrations of MERS coronavirus (BEI, Cat. NR-
50171) and human coronavirus NL63 (BEI, Cat. NR-53530) (Fig. 4q).

Heat-inactivated virus (MERS or NL63) was diluted to approximately 
1,875,000 copies per millilitre in TE buffer. Then, 7.5 µl of the diluted virus was 
added to each 20 µl PCR reaction. Each reaction also had spiked total RNA control 
(Human) (Thermo Fisher, Cat. 4307281) at a concentration of 0.1875 ng µl–1 
for RP detection as a sample-processing control. The samples were tested on 
the plasmonic instrument using closed-loop sensing with a wire thermocouple, 
and thermal cycling conditions were programmed in LabVIEW. To quantify the 
amplification, the fluorescence threshold was calculated as the mean plus ten times 
the standard deviation of the baseline (cycles 11–23). The Ct value was calculated 
to be the interpolated cycle at which the fluorescence signal crossed the calculated 
threshold value. Any Ct value less than the number of cycles was interpreted as 
positive. A sample was considered positive if N1 or N2 was detected (regardless of 
RP detection); negative if neither N1 nor N2 was detected and RP was detected; 
and indeterminate if N1, N2 and RP were not detected (Supplementary Table 5). 
Indeterminate runs were excluded from the analysis.

Sample cartridge for sample-to-result workflow. We designed a sample 
cartridge that was simple to use and measured out a preset quantity (10 µl) of the 
specimen into the PCR tube (Fig. 5). This design features a twist cap to aspirate a 
designated volume of the solution, and a push-to-dispense feature to eject ~10 µl 
fluid into the reaction mix without allowing for potential sample exposure to the 
operator (Fig. 5a). First, the user collects approximately 500 µl of saliva into a tube 
prefilled with 500 µl of 1X TE buffer to achieve 1:1 dilution (~1 min) (dilution of 
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specimen with plain buffer followed by the direct amplification of crude lysate, 
with no separate step for RNA extraction, has been shown to previously work for 
nasopharyngeal swabs25; future work on the use of alternate single-step buffers that 
can lyse host cells in saliva specimens is needed to improve the results). Second, a 
custom-designed sample cartridge is used to measure 10 µl of the specimen into a 
PCR tube containing Master Mix (primers, nucleotides, enzymes and AuNRs, as 
described above) (20 s) (Fig. 5b and Supplementary Video 1). We used a one-step 
RT-PCR mix (described above) for a single reaction. Third, the user inserts the 
PCR tube into the reaction module, removes the reaction module holder, inserts 
the cartridge into the device and starts thermocycling. The cartridge itself sits 
passively and plays no other role once inserted; it is removed at the end of the test. 
As in laboratory-based real-time PCR, the measurements are taken after each cycle, 
and multispectral fluorescence is computed over the duration of 45 cycles. A test 
result is determined by comparing the Ct values to previously defined thresholds. 
Including sample preparation steps, our workflow from sample collection to test 
result consists of three steps from a user and takes place in 22–23 min (Fig. 5c).

For Fig. 5e, Master Mix, AuNR and clinical samples were the same, as 
described above (Fig. 4f–h). The thermocycling conditions were initially 
calibrated in LabVIEW using closed-loop control, and the output was converted 
to an open-loop format for testing. The fluorescence collection and Ct value 
interpretation were the same as described for Fig. 4f–h, except that the baseline 
was preselected to be cycles 5–25 for all the samples. The samples that were 
indeterminate were not retested due to a limited number of cartridges.

Overall, the cost of goods for a test kit, which included the materials and 
reagents in the sample cartridge and PCR tube, was less than US $10 at scale.

Statistics. All the statistics, including one-way ANOVA followed by Sidak’s 
multiple comparison tests and one-way ANOVA followed by Tukey’s multiple 
comparison tests, were performed using GraphPad Prism 9 software.

Informed consent. The PATH Washington COVID-19 Biorepository (PATH, Seattle, 
USA) is a specimen biorepository that was constructed by adhering to a governance 
plan with oversight and approval from PATH Legal Services and the PATH Office of 
Regulatory Affairs to ensure ethical compliance. The nasal eluate samples obtained 
from the Biorepository were deidentified clinical discard specimens acquired from 
CLIA registered laboratories that were testing for SARS-CoV-2 using US FDA 
EUA RT-PCR assays. The clinical saliva samples were deidentified clinical discard 
specimens obtained from the Mirimus Foundation with patient consent. Both 
sources of samples were tested in adherence to US FDA guidelines.

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

Data availability
Source data are provided with this paper. The data that support the findings of 
this study are available from the corresponding author upon reasonable request; 
release of clinical data is subject to approval from the Institutional Review Board at 
Columbia University Medical Center.

Code availability
The code designed for data collection and analysis of this study is available from 
the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Image of instrument and optical setup. (a) Core instrumentation with labeled components. Modular hexagon in center forms base 
to attach components and hold test sample in center. Circuit attachments and outer casing not shown. (b) Size comparison of our RT-qPCR system with a 
lab-based qPCR instrument (QuantStudio).
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Extended Data Fig. 2 | Wiring diagram for system circuitry. Diagram depicting connections between key electrical components (IR LEDs, fans, laser, and 
spectrometer) and their controllers. Parts comprise a mix of commercially available controllers (National Instruments, Arduino) and custom soldered 
circuit boards. The system is powered by a 24 V power supply.
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Extended Data Fig. 3 | Testing of human saliva samples for SARS-CoV-2 to validate an extraction-free workflow with plasmonic thermocycling. In this 
setup, the plasmonic thermocycling featured 2 LEDs and AuNRs at a concentration of OD 18. Fluorescence was read by a plate reader (n = 9 positives, 
n = 5 negatives). Data are presented as mean values + /- SD.
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Extended Data Fig. 4 | Serial dilutions and standard curves of 3 clinical specimens. (a) Standard curve relating Ct value to spiked virus concentration, 
averaged across 3 replicates on a standard method (QuantStudio). This standard curve was used to calculate concentrations of the clinical specimens. 
Standard deviation error bars present but not visible due to small range. Slope was -3.22. (b) N1 Ct values for serial dilutions of three different clinical 
specimens. Limit of detection (lowest concentration with 3/3 replicates detected below threshold) of less than 104 copies/mL was obtained for all 3 
specimens. Data are presented as mean values + /- SD. Threshold was set at 45 cycles, and samples that were not detected during amplification were 
plotted as having Ct values of 46. Concentrations are approximated in legend; sample 1 exact starting concentration was 273,771 copies/mL, sample 2 
exact starting concentration was 1,521,025 copies/mL, and sample 3 exact starting concentration was 7,470,693 copies/mL. Symbols indicate statistical 
significance for the following comparisons: □ against ~106 copies/mL, ■ against ~105 copies/mL, △ against ~104 copies/mL, ▲ against ~5000 copies/
mL, ☆ against ~2500 copies/mL, ★ against ~1250 copies/mL, ○ against ~625 copies/mL, ● against ~312 copies/mL. (c-e) Three separate standard curves 
relating Ct value to viral concentration from dilution series from three different clinical specimens. Data shown are averaged across 3 replicates run on 
the plasmonic instrument, presented as mean values + /- SD. The slopes of the three separate dilution series were −3.40 (d), −3.56 (e), and −3.91 (c), 
corresponding to acceptable amplification efficiencies (that is high efficiencies of >90% for (d) and (e), and still >80% for (c)), consistent with the 
demonstrated high sensitivity and specificity of the method on clinical specimens.
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Extended Data Fig. 5 | Measurement of viral load of clinical specimens. Estimated concentration based on QS N1 Ct value shows wide range for both 
nasal (n = 19) and saliva (n = 10) specimens. Data are presented as mean values + /- SD.
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Extended Data Fig. 6 | CAD design of stacked instruments for processing multiple specimens. (a) CAD design of one form factor of the instrument is 
shown, with dimensions of 12” W x 8” H x 11.7” D. Disposable cartridges are placed into this instrument. (b) Stacked configurations of instruments for 
processing of multiple specimens.
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in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection A deconvolution software assisted with taking fluorescence measurements. A custom LabView software was used to control thermal cycling 
for closed-loop control in initial experiments, and a corollary LabView program was written to enable open-loop control in downstream 
experiments.

Data analysis GraphPad Prism 9 software was used for statistical analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The data that support the findings of this study are available from the corresponding author upon reasonable request; clinical data release is subject to approval 
from the Institutional Review Board at Columbia University Medical Center. 
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Reporting on sex and gender All specimens were de-identified, and therefore no information on sex and gender was collected.

Population characteristics Saliva and nasal clinical specimens provided by participants were de-identified from the Mirimus Foundation and SUNY 
Downstate, and the PATH Washington COVID-19 Biorepository, respectively; therefore, the researchers were blinded and do 
not know the population characteristics.

Recruitment Saliva and nasal specimens were obtained from patients suspected of being infected with SARS-CoV-2 from the Mirimus 
Foundation and SUNY Downstate, and the PATH Washington COVID-19 Biorepository, respectively. Specimens were de-
identified and not directly recruited by the authors.

Ethics oversight De-identified clinical specimens were obtained under a protocol approved by the Columbia University Medical Center IRB 
(AAAT0100).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size All available specimens were tested.

Data exclusions Samples that were determined to be indeterminate (neither N1 or RP detected) were excluded from analysis.

Replication Replicates were run for all samples. For saliva clinical samples, replicates were run and compared to results from Mirimus Foundation, which 
used an FDA EUA authorized test kit. All attempts at replication were successful, with the exception of one specimen which tested positive 
from the vendor but which tested negative in one well and positive in the other on the QuantStudio instrument, and negative on the 
plasmonic system twice.

Randomization Provided clinical specimens were tested randomly by researchers.

Blinding Positive and negative SARS-CoV-2 specimen status was provided to researchers upon receipt of specimens, but was not referenced during 
testing.

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. 
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