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Increasing global trade and travel are considered the cause of fre-
quent emergence and rapid dissemination of infectious diseases 
around the world. Some life-threatening infectious diseases often 

have signs and symptoms similar to cold or flu-like syndromes. 
Early diagnosis is therefore essential to identify the diseases and 
provide the correct treatment. Immediate and onsite diagnostic 
decisions also help to prevent the spread of epidemic and pandemic 
infectious diseases1–3. To rapidly diagnose infectious diseases, 
nucleic acid-based diagnosis has emerged as an alternative to the 
conventional culture-based or immunoassay-based approaches due 
to its rapidity and specificity4–6.

To increase their sensitivity, current nucleic acid detection meth-
ods generally involve a target amplification step before the detec-
tion step. The conventional amplification method is based on PCR, 
which requires a thermocycler for delicate temperature modula-
tion. As an alternative to the thermal cycling-based amplification, 
isothermal amplification methods are available, which rely primar-
ily on a strand-displacing polymerase or T7 RNA polymerase at a 
constant temperature7. However, the complex composition of the 
isothermal amplification mixtures often renders these approaches 
incompatible with detection methods and whole diagnosis gener-
ally becomes a multi-step process8–11. The diagnostic regimen with 
multi-step procedures requires additional time, instruments and 
reagents, as well as skilled personnel to perform the diagnostic 
procedure. This aspect limits the broad applicability of nucleic acid 
diagnostics, especially in situations where rapid and simple detec-
tion is required.

Ligation-dependent nucleic acid detection is a sequence-specific 
method that primarily depends on the ligation of two separate probes 
that hybridize to adjacent sites of the target sequence12. Because of 
their specificity, the ligation-dependent methods are used for the 
detection of markers of genetic disorders13,14 and pathogens15,16, typi-
cally combined with subsequent amplification and signal generation 
methods. In particular, the SplintR ligase can efficiently ligate two 

DNA probes using a target single-stranded RNA as a splint, enabling 
the sequence-specific detection of RNA molecules17,18. Because the 
reaction components of the ligation-dependent methods are rela-
tively simple, we hypothesized that the ligation-dependent method 
could be exploited to establish a one-pot RNA detection method 
when combined with compatible amplification and signal genera-
tion methods in a single reaction mixture.

In this study, we developed a one-pot, ligation-dependent iso-
thermal reaction cascade that enables the rapid detection of RNAs 
with high sensitivity, termed sensitive splint-based one-pot iso-
thermal RNA detection (SENSR). SENSR consists of two simple 
enzymatic reactions: a ligation reaction by SplintR ligase and 
subsequent transcription by T7 RNA polymerase. The resulting 
transcript forms an RNA aptamer that binds to a fluorogenic dye 
and produces fluorescence only when target RNA exists in a sam-
ple. SENSR was able to detect target RNA of methicillin-resistant 
Staphylococcus aureus (MRSA) in 30 min with a limit of detection of 
0.1 aM. We further applied this method to detect various pathogens, 
including Vibrio vulnificus, Escherichia coli O157:H7, Middle East 
respiratory syndrome-related coronavirus (MERS-CoV) and influ-
enza A viruses, by merely redesigning the hybridization regions of 
the probes. Finally, we demonstrated the fast development of the 
SENSR assay for the latest epidemic pathogen, severe acute respi-
ratory syndrome-related coronavirus 2 (SARS-CoV-2), using mini-
mal, publicly available information. Rapid SENSR assay workflows 
were validated using clinical samples acquired from patients with 
coronavirus disease 2019 (COVID-19).

Results
Design of the one-pot isothermal reaction cascade. We designed 
a reaction cascade that allows the one-pot diagnostic test, in which 
all reaction steps for nucleic acid detection occur simultaneously in 
a single tube (Fig. 1). The cascade consists of four core components, 
including only two enzymes: a set of oligonucleotide probes, SplintR 
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ligase, T7 RNA polymerase and a fluorogenic dye. The components 
were mixed in a buffer solution with ribonucleotides. Upon addi-
tion of the pathogen-derived RNA sample, the reaction steps of 
ligation, transcription and dye–aptamer binding enabled detection, 
amplification and signal production, respectively.

Two single-stranded DNA probes were designed to include sev-
eral functional parts involved in amplification, detection and signal 
generation, thereby eliminating the need for human intervention 
during the entire diagnostic process (Fig. 1). First, the promoter 
probe consists of an upstream hybridization sequence (UHS) and 
a stem–loop T7 promoter. The UHS hybridizes to the 5′ half of a 
target RNA region. The stem–loop T7 was adopted from the litera-
ture19 (Supplementary Table 1) to form an active, double-stranded 
T7 promoter using a single-stranded oligonucleotide. The sequence 
of the UHS was designed by Primer-BLAST (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/index.cgi) to ensure specific bind-
ing to the target RNA. Among candidate UHS sequences, we chose 
the one with minimal secondary structure at 37 °C predicted by 
NUPACK20 to maximize the hybridization between the UHS and its 
target region (Supplementary Table 2). The 5′ end of the promoter 
probe was then phosphorylated for ligation. Next, a reporter probe 
consists of a downstream hybridization sequence (DHS) and a tem-
plate sequence for a dye-binding RNA aptamer. The DHS contains 
the complementary sequence to the other half of the target RNA 
region. Similar to the UHS, the DHS was selected to have minimal 
predicted secondary structure (Supplementary Table 2).

Once both UHS and DHS probes hybridize correctly to the 
target RNA, SplintR ligase can initiate the cascade by connecting 
the probes that have all features built for the one-pot diagnostic 

test. Subsequently, T7 RNA polymerase can synthesize the RNA  
aptamer using the full-length, ligated probe as a DNA template, 
which can be bound with the fluorogenic dye (Fig. 1). When the  
fluorogenic dye binds to the RNA aptamer, the planar structure 
of the fluorogenic dye is stabilized, emitting fluorescence as an 
output. In contrast, the unbound fluorogenic dye dissipates its 
energy in the form of molecular vibration and heat, preventing an 
increase in fluorescence21. Notably, the reaction scheme of SENSR  
inherently supports two mechanisms that could amplify the sig-
nal: (1) multiple transcription events from the full-length, ligated 
probe by T7 RNA polymerase; and (2) the presence of target RNA 
sequence on the full-length transcript, which could be utilized as 
an additional splint for unligated probes in the reaction mixture. 
Accordingly, SENSR could enable sensitive RNA detection without 
any pre-amplification steps.

Construction of each component reaction in SENSR. In this study, 
we used MRSA as a model case to validate each reaction step that 
constitutes SENSR. Rapid detection of MRSA is of particular inter-
est because it offers the potential to reduce the morbidity caused by 
healthcare-related infections22.

First, we designed a pair of probes that target the mecA transcript 
of MRSA, following the probe design process described in the pre-
vious section (Supplementary Note 1 and Supplementary Tables 1 
and 3), and the RNA-splinted ligation between the two probes was 
tested. The probes were ligated using SplintR ligase with or without 
the target RNA, and the reaction products were further amplified 
with a pair of PCR primers and analysed (see Methods). The correct 
size of the PCR product was obtained only when the two probes and 
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Fig. 1 | Schematic of SeNSR, a one-pot isothermal reaction cascade for the rapid detection of RNA. The reaction is composed of four main components: 
a set of probes, SplintR ligase, T7 RNA polymerase and a fluorogenic dye. In the presence of target RNA, hybridization, ligation, transcription and aptamer–
dye binding reactions occur sequentially in a single reaction tube at a constant temperature.
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target RNA were added together to the ligation mixture (Fig. 2a). 
This result indicates that our probes were successfully ligated only 
in the presence of the target RNA.

We then used the ligated probe as a DNA template to test whether 
transcription could occur. The ligation mixture was added at a 1/10 
ratio to the in  vitro transcription reaction mixture with T7 RNA 
polymerase. Only when the target RNA was present in the ligation 
reaction was the full-length transcript (92 nucleotides) observed 
from transcription, thereby confirming both target-dependent liga-
tion and subsequent transcription (Fig. 2b).

Finally, we confirmed that the transcript from the full-length 
ligated probe could produce fluorescence upon binding to the  

fluorogenic dye. The reaction mixture of sequential ligation and 
transcription reactions were purified, and an equal amount of RNA 
(500 ng) from each combination was incubated with the fluorogenic 
dye (Fig. 2c). The RNA product from the reaction mixture with the 
two probes and target RNA produced higher fluorescence than that 
of the other combinations. Therefore, we confirmed that the target 
RNA could be detected using a set of probes by performing each 
component reaction in SENSR.

Development of the one-pot isothermal reaction cascade. Since 
all component reactions in SENSR were validated in their respec-
tive buffers, we then sought to develop a one-pot reaction condition 
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Fig. 2 | Construction of the three component reactions of SeNSR. a, The ligation reaction. The ligation products were amplified with a pair of PCR primers 
(LigChk_F and LigChk_R in Supplementary Table 7) and analysed using Bioanalyzer. The ligation reaction occurred only when the promoter probe, reporter 
probe, SplintR ligase and target RNA were all present. A full-length probe combining the promoter and reporter probes was amplified with the same set 
of PCR primers and used as a size control, as indicated by the red arrow. The full scan of the Bioanalyzer image is provided in Supplementary Fig. 10a. bp, 
base pairs. b, The transcription reaction. The ligated mixtures were used as a DNA template to validate transcription. The transcript was obtained only 
in the presence of target RNA and all other components, demonstrating both target-dependent ligation and subsequent transcription. The red arrow 
points to the correct size of the transcript. The full scan of the Bioanalyzer image is provided in Supplementary Fig. 10b. nt, nucleotides. c, The aptamer–
fluorogenic dye binding reaction. After sequential ligation and transcription reactions, the reaction mixture with the correct size of the transcript produced 
higher fluorescence compared with other conditions that lacked one of the necessary components. Fluorescence tests were performed as four biological 
replicates (two-tailed Student’s t-test; ****P < 0.0001; bars represent means ± s.d). RFU, relative fluorescence units.
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with a single reaction buffer at a single temperature, where all reac-
tion steps, including probe annealing, ligation, transcription and the 
aptamer fluorescence reaction occur simultaneously. To accomplish 
this, we first investigated a wide range of temperatures (25–95 °C) 
for hybridization of the probes and target. Then, each mixture was 
subjected to the sequential ligation, transcription and fluorescence 
reaction described in the previous section. Remarkably, fluores-
cence was observed at all hybridization temperatures, including 35 
and 40 °C (Supplementary Fig. 1)—the optimal temperature ranges 
for enzyme activities in SENSR—thereby suggesting that the entire 
reaction can be built up as an isothermal reaction.

Additionally, a single reaction buffer composition suitable for all 
reaction steps was configured to establish all reactions in one pot. 
Since T7 RNA polymerase reaction buffer has the most inclusive 
composition of the four reaction buffers (probe annealing, ligation, 
transcription and aptamer fluorescence reaction buffers), we used 
T7 RNA polymerase buffer as a basis for the optimization. Various 
reaction conditions were optimized, including the reaction tem-
perature, concentrations of the various enzymes and components 
to enhance the fluorescence signal (Supplementary Note 2 and 
Supplementary Figs. 2 and 3). The optimized SENSR condition 
enabled the detection of target RNA in a one-pot isothermal reac-
tion at 37 °C (Supplementary Fig. 4).

Rapid and sensitive RNA detection by SENSR. Once the one-step 
and one-pot isothermal reaction condition was established, we then 
assessed the sensitivity and turnaround time of SENSR. We evalu-
ated the sensitivity by measuring fluorescence from one-pot reac-
tions containing the mecA probe pair and synthetic mecA RNA in 
the range of 0.1 aM to 220 nM (Fig. 3a). Notably, the detection limit 
was as low as 0.1 aM (corresponding to six molecules per 100 µl 
reaction), indicating the high sensitivity of SENSR. Moreover, the 
linearity of the fluorescence intensity over a wide range of concen-
trations (coefficient of determination (R2) = 0.9932) suggests that 
SENSR can be used for target RNA quantification. The real-time 
PCR with reverse transcription (rRT–PCR) result correlated well 
with the SENSR result (R2 = 0.9937), corroborating the validity of 
SENSR (Supplementary Fig. 5a). Additionally, independent rep-
licate experiments confirmed the high reproducibility of SENSR 
(Supplementary Fig. 5b and Supplementary Table 4). There are two 
potential explanations for the high analytical sensitivity of SENSR. 
First, concentrations of some components increased in the optimized 

SENSR condition compared with other studies that utilized SplintR 
ligase and fluorogenic aptamer for RNA detection17,18, improving the 
efficiencies of individual reaction steps (Supplementary Table 5).  
Second, the one-pot reaction scheme generated cooperation 
between ligation and transcription. The full-length transcript con-
tains the target RNA sequence, thus providing an additional splint 
for unligated DNA probes. Therefore, ligation and transcription can 
feed each other, creating a signal amplification cycle (Fig. 1). Indeed, 
a coupled one-pot reaction produced higher fluorescence intensity 
than an uncoupled two-step reaction (Supplementary Fig. 6).

We then measured the minimal turnaround time required to 
confirm the presence of the target RNA in a sample. The target RNA 
ranging from 0.1–10 aM was added to the SENSR reaction and the 
fluorescence was measured every 30 min. The fluorescence with 
0.1 aM was discernible against the negative control in just 30 min 
(Fig. 3b). Further incubation of the reaction better distinguished the 
target RNA-containing reaction from the negative control reaction. 
Notably, the fluorescence intensity slightly increased from 30 min, 
even in the absence of the target RNA. A possible source of this back-
ground fluorescence might be the DNA probes (Supplementary Fig. 7).  
Collectively, the SENSR reaction was able to specifically detect the 
target RNA within 30 min with a detection limit of 0.1 aM.

Broad adaptability of SENSR for pathogen detection. With the 
fast and sensitive RNA detection using SENSR, we next attempted 
to reconfigure this method for the detection of RNA markers from 
various pathogens. Target RNA sequences for SENSR are specified 
by only two hybridization regions (UHS and DHS) of probes, mak-
ing the probe design process fast and straightforward without many 
computational steps. This design feature, requiring only nucleotide 
sequences to build molecular diagnostics, allows for the easy con-
struction of SENSR probes for any infectious diseases (Fig. 4a).

To demonstrate SENSR for various pathogens, we first targeted 
two pathogenic microorganisms: V. vulnificus and E. coli O157:H7. 
V. vulnificus is known to cause gastroenteritis, wound infection 
and sepsis in humans. We designed a probe pair targeting vvhA 
(Supplementary Table 3), a V. vulnificus-specific target encoding 
extracellular haemolysin with haemolytic activity and cytotoxic 
effect. The sensitivity of the SENSR reaction using the probe pair 
and in vitro-transcribed vvhA RNA was as low as 0.1 aM (Fig. 4b), 
and a linear correlation was observed between the concentration of 
RNA and the fluorescence intensity (R2 = 0.9566).
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Fig. 3 | Sensitivity and turnaround time of SeNSR. a, Sensitivity of SENSR. The target RNA from 220 nm to 0.1 am was tested. The detection limit is 
0.1 am (approximately six RNA copies in a 100-μl reaction). High linearity suggests that SENSR can be used for the quantification of target RNA. b, Left: 
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Next, we used SENSR to detect E. coli O157:H7, which causes 
foodborne illness. Similar to the process for V. vulnificus, we 
designed a probe pair for an E. coli O157:H7-specific target gene, 
tir (Supplementary Table 3), for SENSR reaction. Similarly, RNA 
concentrations as low as 0.1 aM were detected by SENSR and a high 
linear correlation between the concentration of RNA and the fluo-
rescence intensity was observed (Fig. 4c; R2 = 0.9684).

The target was expanded to human-infective RNA viruses that 
cause fatal diseases23. First, we aimed at MERS-CoV. The mortality 
rate of MERS-CoV infection has been reported to be 35%24, and it 
can be transmitted from human to human25, which raises the need 
for a fast and sensitive onsite diagnostic test. The probe pairs for 
the MERS-CoV-specific gene upE (Supplementary Table 3) exhib-
ited similar sensitivity and linearity to the bacterial cases (Fig. 4d). 
Likewise, we designed a probe pair for the influenza A virus-specific 
target gene HA (Supplementary Table 3). SENSR was able to detect 
the influenza A RNA target with similar sensitivity and linearity 
(Fig. 4e). Finally, we designed a probe pair for a recently emerg-
ing pathogen, SARS-CoV-2. The target sequence was selected 
based on the standard rRT–PCR assay for SARS-CoV-2 (ref. 26), 

which aimed at the RNA-dependent RNA polymerase (RdRp) gene 
(SARS-CoV-2-MG1; Supplementary Table 3). Again, SENSR suc-
cessfully detected its target RNA at a concentration as low as 0.1 aM, 
which corroborates the high adaptability of this method to various 
RNA markers (Fig. 4f). Notably, the discrepancy in background flu-
orescence between SENSR assays in the absence of the target RNAs 
could be derived from the reporter probe sequence unique to each 
SENSR assay (Supplementary Fig. 7).

Taken together, we demonstrated that SENSR could be easily 
reconfigured to detect various RNA markers of pathogens by rede-
signing the probes. The probe design process is simple and requires 
a small amount of computation using open web-based software. All 
probe pairs tested showed high sensitivity and linearity for detect-
ing RNA markers, reinforcing the robustness of the probe design 
process and the wide expandability of SENSR.

Direct detection of a pathogen using SENSR. Next, we employed 
SENSR for the detection of RNA samples derived from the live 
cells of a pathogen. We targeted MRSA, whose marker RNA 
was detected by SENSR. Methicillin-sensitive S. aureus (MSSA)  
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containing no target messenger RNA was used as a negative con-
trol. MRSA and MSSA cells were heated to 95 °C to lyse the cells  
and to release RNA. The samples were then diluted and added 
to the SENSR reaction to investigate the specificity and sensitiv-
ity (Fig. 5a). We observed a notable difference in fluorescence 
intensity between MRSA and MSSA (Fig. 5b). The RNA sample 
from only two colony-forming units (c.f.u.) per 100 μl reaction 
of MRSA was clearly detected by SENSR, thereby indicating its 
high sensitivity and specificity, even with samples of the living 
pathogen. Finally, the performance of SENSR was further vali-
dated using samples prepared in human serum (Fig. 5c). The sen-
sitivity and specificity of SENSR were unaffected by the presence 
of human serum (Fig. 5d), indicating the suitability of SENSR in 
practical applications.

Dual-target detection using orthogonal SENSR probes. We fur-
ther expanded the capability of SENSR to enable the simultaneous 
detection of two target RNAs in a single reaction by leveraging the 
simple probe design. The detection of multiple biomarkers is fre-
quently needed to make a better decision by reducing false positive 
and false negative results. Based on the high specificity of SENSR 
probes and the availability of light-up RNA aptamers with distinct 
spectral properties27, we hypothesized that we could design two sets 
of SENSR probes that operate orthogonally in a single reaction to 
detect their respective target RNAs.

First, we developed an orthogonal reporter probe for influenza 
A virus. Since the MRSA infection causes flu-like symptoms, dis-
crimination of this pathogen from the common influenza A virus 
is required. Furthermore, patients with influenza A infection are 
more susceptible to MRSA infection28. Collectively, simultaneous 
detection and discrimination of both pathogens can help inform 
the diagnosis and follow-up actions. An orthogonal reporter probe 
for influenza A virus was designed by replacing its aptamer template 
region with the template for the Broccoli aptamer29–32, which binds to 
(5Z)-5-[(3,5-difluoro-4-hydroxyphenyl)methylene]-3,5-dihydro-
2-methyl-3-(2,2,2-trifluoroethyl)-4H-imidazol-4-one (DFHBI-1T) 
and exhibits spectral properties distinct from those of the malachite 
green aptamer. Secondary structures of the new reporter probe and 
corresponding full-length RNA transcript were simulated using 
NUPACK and satisfied the probe design criteria without further 
optimization (Supplementary Table 2). Dual detection of MRSA 
and influenza A virus was tested in SENSR reactions in which the 
two probe pairs, their cognate fluorogenic dyes and various concen-
trations of the target RNAs were added (Fig. 6a). When the probe 
pairs were hybridized to their respective target RNAs, and success-
ful transcription followed, the RNA aptamers would bind their cog-
nate dyes and emit distinguishable fluorescence. The presence of 
each target RNA could be determined by the fluorescence patterns 
from the SENSR reaction: malachite green aptamer fluorescence for 
MRSA; and Broccoli aptamer fluorescence for influenza A virus. 
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Indeed, the presence of either target RNA (1 nM) was easily detected 
by the fluorescence pattern (Fig. 6b). Across various concentrations 
of each target RNA, the SENSR probes specifically produced fluo-
rescence that responded only to respective targets, thereby enabling 
orthogonal dual detection of two pathogens (Fig. 6c).

Lastly, we applied the orthogonal dual detection to SARS-CoV-2, 
which has many related viruses with high sequence homology. 
Simultaneous detection of multiple target sites along its genome 
would enable specific discrimination of this emerging patho-
gen from others. In addition to the previously demonstrated 
SARS-CoV-2 probe pair (Fig. 4f), we designed three additional 
probe pairs for other regions in the RdRp gene with either the mala-
chite green aptamer or the Broccoli aptamer (Fig. 7a). Each probe 
pair contained a discriminatory base at either the 5′ end of the pro-
moter probe or the 3′ end of the reporter probe, which are unique 
to SARS-CoV-2 compared with other similar viruses. Mismatches 
between the probes and non-target RNAs would inhibit ligation and 
subsequent SENSR reaction and could enable more specific detec-
tion of SARS-CoV-2 (Supplementary Fig. 8). Indeed, all four probe 
pairs were able to detect 1 aM SARS-CoV-2 RNA, thereby exhibit-
ing a higher fluorescence intensity compared with that of the related 
viral RNA sequences (Fig. 7b). We then tested the orthogonal dual 
detection of two target regions using the SARS-CoV-2-MG1 and 
SARS-CoV-2-BR1 probe pairs. The dual-SENSR assay effectively 
detected the target RNA and maintained the specificity of each 
probe pair (Fig. 7c). Therefore, the dual-SENSR assay could be used 
to assist diagnostic decision making by providing two detection 
results that can complement each other.

Detection of SARS-CoV-2 from clinical samples using SENSR. 
Finally, we validated the feasibility of SENSR for the detection 
of pathogens from clinical samples. Here, we sought to further 
improve the SENSR workflow by streamlining the sample prepara-
tion stage to make the whole procedure more suitable for time- and 
resource-limited settings. An RNA extraction is often required to 
remove complex components from a clinical sample that may inhibit 
reactions in molecular diagnostics. However, the RNA extrac-
tion consists of multiple steps that necessitate additional reagents, 
instruments and time. Given the successful RNA detection directly 
from the cell lysate of MRSA, we speculated that SENSR could be 
compatible with the clinical sample components. Therefore, we set 
up two SENSR workflows that employed thermal or chemical lysis 
to obtain crude viral lysates directly from clinical samples before 
SENSR assays (Fig. 8a,b). For the chemical lysis workflow, we tested 
several non-ionic detergents for viruses and selected Nonidet P-40 
owing to its low background fluorescence (Supplementary Note 3 
and Supplementary Fig. 9).

The updated SENSR workflows were validated using clinical 
samples obtained from patients with suspected COVID-19 in the 
Republic of Korea. Before the SENSR assays, the samples were anal-
ysed by standard rRT–PCR assay to acquire reference diagnostic test 
results (Supplementary Table 6). First, 40 samples (20 positives and 20 
negatives) were tested through the thermal lysis workflow (Fig. 8c).  
The non-purified nasopharyngeal swab samples in the universal 
transport medium (UTM) were heated to 95 °C for 5 min, cooled and 
mixed directly with the SENSR master mix containing a SARS-CoV-
2-specific probe pair (SARS-CoV-2-BR1; Supplementary Fig. 8 
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and Supplementary Table 1) for a 50-min SENSR reaction. To set a 
standard for diagnostic decision, we included a reference test with a 
sample containing a single copy of synthetic target RNA in UTM. A 
sample was classified as positive if it showed a higher fluorescence 
intensity than the reference test result, with a statistically signifi-
cant difference. Otherwise, a sample was classified as negative. The 
SENSR assay showed 85% (17 out of 20) positive predictive agree-
ment and 100% (20 out of 20) negative predictive agreement rela-
tive to the rRT–PCR results (Fig. 8c, left). SENSR with another probe 
pair (SARS-CoV-2-BR3; Supplementary Fig. 8 and Supplementary 
Table 1) was able to predict two additional positives out of three that 
were incorrectly predicted as negatives (positive sample numbers 8, 
13 and 18 in Fig. 8c, right), increasing the collective positive predic-
tive agreement to 95% (19 out of 20). We have shown that the SENSR 
probe design is straightforward and that two orthogonal probe pairs 
can be used simultaneously. Therefore, parallel individual assays with 
distinct probe pairs or a dual-SENSR assay with orthogonal probe 
pairs would allow for a more confirmative test in the future.

Next, the chemical lysis workflow was validated using 20 samples 
(ten positives and ten negatives). For a rigorous validation, we used 
positive samples with the highest Ct values (the lowest target RNA 
amount) from the rRT–PCR test. The non-purified clinical samples 
in UTM were mixed with Nonidet P-40. After a 5-min incubation at 
room temperature, the SENSR master mix was added to the sample 
tube for a 50-min SENSR reaction. The assay showed 80% (eight 
out of ten) positive predictive agreement and 100% (ten out of ten)  
negative predictive agreement relative to the rRT–PCR result  
(Fig. 8d). Intriguingly, two positive samples (numbers 13 and 18) 
were falsely classified as negative in both the thermal and chemical 
lysis workflow, suggesting some factors associated with the samples 
as possible sources for the incorrect predictions.

Finally, we examined the feasibility of SENSR as a rapid diagnos-
tic test. Following the results obtained using a synthetic MRSA RNA 
(Fig. 3b), we performed 30-min SENSR reactions with the clini-
cal samples. Correct predictive agreements were derived from the 
30-min SENSR results through either thermal (Fig. 8e) or chemical  
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lysis (Fig. 8f) workflows, indicating that the updated workflows 
are sufficient to distinguish between positives and negatives of the 
clinical samples. Collectively, we have demonstrated rapid SENSR 
workflows for clinical samples with a short sample-to-result time 
(35–55 min), including the sample preparation step.

discussion
Rapid, simple, economical and sensitive diagnostic tests are needed 
to detect and manage infectious diseases at the earliest possible time. 
However, conventional approaches lack one or more of these fea-
tures. Culture-based methods are time consuming (>24 h)33 while 
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PCR-based methods, including real-time PCR, require a complex 
procedure, expensive instruments and skilled expertise. Various 
isothermal amplification methods for RNA have been introduced 
to replace traditional methods7,8. Isothermal nucleic acid ampli-
fication testing provides unique advantages for point-of-care 
detection of pathogens over PCR-based methods, particularly in 
resource-limited settings. First, isothermal methods can be per-
formed with simple, portable and cheap equipment34. PCR requires 
repeated steps of heating and cooling under a precise temperature 
control mechanism. In contrast, isothermal methods require only 
single, constant temperature throughout the reaction. A simple heat 
block or even water bath could be used to maintain the reaction 
temperature needed35. Furthermore, an isothermal reaction can 
reduce the overall reaction time by eliminating the time necessary 
for temperature adjustment. Therefore, many isothermal tech-
niques are faster than PCR-based methods36. Based on these advan-
tages, isothermal methods have been applied to the point-of-care 
detection of pathogens. For example, isothermal amplification 
techniques were performed with a commercially available portable 
fluorescence reader36 or custom-designed optical reader9 to demon-
strate their feasibility for field testing. Still, they generally require 
numerous reaction components, often making them expensive and 
incompatible with the complex clinical sample. Thus, separate RNA 
purification is often a prerequisite for diagnostic assays based on 
isothermal RNA amplification methods.

In contrast, SENSR satisfies many desirable requirements for onsite 
diagnostic tests for pathogens, such as having a short turnaround time 
(30 min), a low limit of detection (0.1 aM), inexpensive instrumenta-
tion and reagents and a simple, one-pot diagnostic procedure. SENSR 
integrates all component reaction steps using the specially designed 
probes that contain all of the required functional parts: a promoter, a 
hybridization sequence to target and an aptamer template. Even with 
the multifaceted features of the SENSR probes, the design process is 
systematic and straightforward. Therefore, the SENSR assay can be 
promptly developed for emerging pathogens, as exemplified by the 
successful design of the SENSR assay for SARS-CoV-2.

The probe design is unique in that two DNA probes have 
been designed to expose single-stranded target recognition parts, 
enabling hybridization of the target RNA and the probes at 37 °C. 
The hybridization sequences were systematically selected using the 
nucleic acid design software Primer-BLAST and NUPACK to mini-
mize any structure formation while maximizing hybridization to 
the target RNA. The efficient hybridization between the probes and 
target RNA is one of the reasons for enabling high sensitivity during 
the isothermal reaction.

The promoter probe is programmed to form a stem–loop 
structure and the stem part forms a double-stranded T7 promoter 
sequence that initiates transcription by recruiting T7 RNA poly-
merase. Since the two strands of the T7 promoter part are physically 
connected by the loop, the probability of formation of a functional 
double-stranded promoter is higher in the stem–loop structured 
design than when each strand of the promoter is not connected by 
the loop. Thus, the hairpin-structured, self-assembling promoter 
sequence in the promoter probe can facilitate hybridization and 
subsequent transcription more efficiently.

The initiated transcription elongates through the single-stranded 
DNA as a template to amplify target RNAs containing aptamer 
RNAs. The use of a fluorogenic RNA aptamer facilitated SENSR 
development by enabling fast and straightforward signal genera-
tion. Compared with conventional fluorescent protein outputs, the 
use of RNA aptamers as reporters can reduce the time it takes to 
observe the signal37.

The simple enzyme composition is another reason to enable 
one-step and one-pot detection. The fewer enzymes there are, the 
easier it is to optimize in terms of temperature and buffer compo-
sition. In designing the detection scheme, we deliberately tried to 

reduce the number of enzymes, thus creating one of the simplest 
isothermal detection schemes based on two enzymes: SplintR ligase 
for target detection; and T7 RNA polymerase for amplification.

In addition to the results shown in this study, we expect that 
SENSR has a broad range of applications for pathogen detection. 
First, SENSR can be easily implemented in the initial screening of 
infectious diseases at places where a large number of people gather 
and transfer38,39. With a short turnaround time and a simple reaction 
composition, SENSR is an ideal diagnostic test for rapid and econom-
ical screening. SENSR can be implemented in any diagnostic labora-
tory with commonly available instruments such as a water bath and 
a spectrophotometer. In addition, the full potential of SENSR would 
be realized through the development of field-deployable devices for 
isothermal incubation and fluorescence measurement37,40–43. Due 
to the simplicity of the operating mechanism, SENSR can be fur-
ther developed into a portable, easy-to-use test of paper-based or 
lateral-flow type, as exemplified by recent developments in nucleic 
acid diagnostics9,44–47. Second, SENSR will be a valuable method 
for the immediate development of diagnostic tests for emerging 
pathogens1,48 because of the simple probe design process and broad 
adaptability of SENSR. In this work, we demonstrated the success-
ful application of SENSR to six pathogens, using minimal redesign 
based on the highly modular structure of the probes. In theory, 
SENSR detection probes can be designed for any RNA as long as 
the target nucleic acid sequence is available. This feature provides 
SENSR with a substantial advantage over antibody-based diagnos-
tics to rapidly respond to the outbreak of infectious disease. The 
nucleic acid probe synthesis is more scalable than animal antibody 
production. Therefore, SENSR is more suitable for rapid mass pro-
duction of diagnostic kits than antibody-based diagnostics. Future 
efforts on automated probe design will be needed to accelerate the 
development of SENSR assays for newly emerging pathogens.

In conclusion, SENSR is a powerful diagnostic technology for 
RNA detection that offers a short turnaround time, high sensitivity 
and specificity and a simple assay procedure, and eliminates the need 
for expensive instrumentations and diagnostic specialists. Given the 
simple probe design process and its rapid development, SENSR will 
be a suitable diagnostic method for emerging infectious diseases.

methods
Materials. SplintR ligase, T7 RNA polymerase, extreme thermostable 
single-stranded DNA binding protein (ET-SSB), DNase I (RNase-free) and 
ribonucleotide solution mix were obtained from New England Biolabs. 
Recombinant RNase inhibitor was obtained from Takara. Malachite green 
oxalate was purchased from Sigma–Aldrich. DFHBI-1T was purchased from 
Tocris Bioscience. Dithiothreitol was acquired from Thermo Fisher Scientific. 
Tris-HCl, potassium chloride, sodium chloride, magnesium chloride and 5′ 
phosphate modified oligonucleotides were obtained from Bioneer. Full-length 
probe oligonucleotides were synthesized by Integrated DNA Technologies. 
Oligonucleotides other than these were synthesized by Cosmogenetech.

Preparation of synthetic target RNA. Target RNA was synthesized using an 
in vitro transcription process. To accomplish this, the template DNA containing 
the target RNA region was amplified by PCR with primers (Supplementary 
Table 7). The PCR amplicon containing the T7 promoter sequence was used 
as a template for in vitro transcription. A transcription reaction mixture 
containing 1 μg template DNA, 2 μl 10× T7 RNA polymerase reaction buffer, 1 μl 
dithiothreitol (100 mM), 0.8 μl NTPs (25 mM for each), 0.5 μl Recombinant RNase 
Inhibitor (20 U μl−1), 2 μl T7 RNA polymerase (50 U μl−1) and RNase-free water 
(up to 20 μl) was incubated at 37 °C for 16 h. The resulting reaction products were 
treated with 1 μl DNase I (RNase-free) for 1 h at 37 °C. The transcript was purified 
using the Riboclear (plus!) RNA kit (GeneAll) and quantified using an absorbance 
at 260 nm. The purified RNA was used immediately for the downstream reaction 
or stored at −80 °C.

Preparation of MSSA and MRSA cell lysates. MRSA (NCCP 15919) and MSSA 
(NCCP 11488) were obtained from the Korea Centers for Disease Control and 
Prevention. Single colonies were isolated by cultivating on 5% sheep blood agar 
(Hanil Komed) at 37 °C for 24 h. Single colonies were cultured in Luria–Bertani 
liquid medium at 37 °C for 24 h with shaking (300 r.p.m.). Cells were resuspended 
in RNase-free water and heat lysed at 95 °C for 2 min.
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Preparation of the proxy clinical sample. Human serum was purchased from 
EMD Millipore Corporation. MRSA (NCCP 15919) and MSSA (NCCP 11488) 
cells were spiked into the human serum. Human serum was diluted at a 1/7 ratio in 
RNase-free water9 and the diluted human serum was heat lysed at 95 °C for 2 min.

Preparation of the real clinical sample. Nasopharyngeal swabs were acquired 
from patients suspected of COVID-19 and collected in UTM (Noble Biosciences) 
by Seoul Clinical Laboratories. We obtained samples that had been analysed using a 
standard rRT–PCR to confirm the presence of SARS-CoV-2 (Supplementary Table 6).  
The remaining non-purified samples in UTM were used for the SENSR tests. 
Informed consent exemption and the protocol for this study were approved by the 
Seoul Clinical Laboratories Institutional Review Board (under IRB-20-010) for the 
use of nasopharyngeal swab remainder samples of COVID-19 rRT–PCR tests.

RNA-splinted single-stranded DNA ligation assay. The ligation reaction was 
performed according to a previously reported method17. In brief, 0.2 μl promoter 
probe (10 μM), 0.22 μl reporter probe (10 μM), 0.22 μl target RNA (10 μM) and 
1 μl annealing buffer (100 mM Tris-HCl (pH 7.4) and 500 mM KCl) were added to 
6.86 μl RNase-free water. The mixture was heated to 95 °C for 3 min, then slowly 
cooled to room temperature. This step was followed by the addition of 1 μl 10× 
SplintR buffer and 0.5 μl SplintR ligase (25 U μl−1), then incubation of the mixture 
at 37 °C for 30 min. The reaction was terminated by heating at 95 °C for 10 min. 
Next, 2 μl of the ligated product was amplified through 20 μl PCR reaction with 
LigChk_F and LigChk_R primers (Supplementary Table 7). The PCR products 
were assessed using an Agilent 2100 Bioanalyzer with a DNA 1000 Kit (Agilent 
Technologies), according to the manufacturer’s protocol.

In vitro transcription assay. The ligated products were used directly as templates 
for the in vitro transcription assay. A transcription reaction mixture containing 
5 μl of the ligated product, 5 μl 10× T7 RNA polymerase reaction buffer, 2.5 μl 
dithiothreitol (100 mM), 2 μl NTPs (25 mM each NTP), 1.25 μl Recombinant RNase 
Inhibitor (20 U μl), 5 μl T7 RNA polymerase (50 U μl−1) and 29.25 μl RNase-free 
water was incubated at 37 °C for 16 h. The reaction mixture was purified following 
the protocol described in a previous section for the preparation of synthetic target 
RNA. The purified RNAs were analysed using an Agilent 2100 Bioanalyzer (Agilent 
Technologies) with an RNA 6000 Nano Kit (Agilent Technologies), following the 
manufacturer’s instructions.

Malachite green and aptamer binding assay. First, 500 ng of the purified RNA 
solution was mixed with 20 μl 5× malachite green buffer (250 mM Tris-HCl 
(pH 7.5), 5 mM ATP, 50 mM NaCl and 700 mM KCl) and RNase-free water up to 
90 μl. The mixture was heated to 95 °C for 10 min and left at room temperature 
for 20 min. Then, 5 μl MgCl2 (200 mM) was added to the mixture and allowed to 
stabilize at room temperature for 15 min, followed by the addition of 5 μl malachite 
green solution (320 μM) to produce a total volume of 100 μl. The mixture was 
incubated at room temperature for 30 min. After incubation, the fluorescence 
intensity was measured using a Hidex Sense 425-301 microplate reader (Hidex) 
in 384-well black/clear flat-bottom polystyrene microplates (Corning). For the 
malachite green aptamer fluorescence, the excitation wavelength was 616 nm with 
a slit width of 8.5 nm, and the emission wavelength was 665 nm with a slit width 
of 7.5 nm. The background intensity from a 100 μl 1× malachite green buffer 
containing 16 μM malachite green was subtracted from all fluorescence intensities.

SENSR protocol. Detailed step-by-step protocols for the SENSR assay are described 
in Supplementary Note 4. The one-pot isothermal reaction master mix consisted 
of the following components: 2 μl promoter probe (10 μM), 2.2 μl reporter probe 
(10 μM), 5 μl malachite green solution (320 μM) (or 20 μl DFHBI-1T solution 
(50 μM)), 10 μl NTPs (each 25 mM), 0.8 μl ET-SSB (500 ng μl−1), 0.5 μl Recombinant 
RNase Inhibitor (20 U μl−1), 10 μl SplintR ligase (25 U μl−1), 5 μl T7 RNA polymerase 
(50 U μl−1) and 10 μl 10× SENSR buffer (500 mM Tris-HCl (pH 7.4) and 100 mM 
MgCl2). The reaction master mix was adjusted to 99.22 μl in RNase-free water, and 
0.78 μl target RNA was added to produce a total volume of 100 μl. The reaction 
mixture was incubated at 37 °C for 0.5–2 h. After incubation, the fluorescence 
intensity was measured using a Hidex Sense 425-301 microplate reader (Hidex), 
as described above. For the malachite green aptamer, a background intensity from 
100 μl 1× SENSR buffer containing 16 μM malachite green was subtracted from 
all malachite green SENSR fluorescence intensities. For the Broccoli aptamer 
fluorescence, a background intensity from 100 μl 1× SENSR buffer containing 10 μM 
DFHBI-1T was subtracted from all Broccoli SENSR fluorescence intensities. For 
the Broccoli aptamer fluorescence, the excitation wavelength was 460 nm with a slit 
width of 20 nm, and the emission wavelength was 520 nm with a slit width of 14 nm.

For dual detection, we used the following reaction mixture: 2 μl promoter probe 
1 (10 μM), 2.2 μl reporter probe 1 (10 μM), 2 μl promoter probe 2 (10 μM), 2.2 μl 
reporter probe 2 (10 μM), 5 μl malachite green solution (320 mM), 20 μl DFHBI-1T 
solution (50 μM), 10 μl NTPs (each 25 mM), 0.8 μl ET-SSB (500 ng μl−1), 0.5 μl 
Recombinant RNase Inhibitor (20 U μl−1), 10 μl SplintR ligase (25 U μl−1), 5 μl T7 
RNA polymerase (50 U μl−1) and 10 μl 10× SENSR buffer (500 mM Tris-HCl (pH 7.4) 
and 100 mM MgCl2). The reaction master mix was adjusted to 99.22 μl in RNase-free 
water, and 0.78 μl target RNA was added, producing a total volume of 100 μl. 

The remaining steps were identical to the single-target detection. A background 
intensity from 100 μl 1× SENSR buffer containing 16 μM malachite green and 10 μM 
DFHBI-1T was subtracted from all dual-SENSR fluorescence intensities.

For the clinical sample tests, samples were pre-treated either by thermal or 
chemical lysis. For the thermal lysis, a non-purified clinical sample was heated 
at 95 °C for 5 min in a PCR tube and placed on ice to cool. For the chemical lysis, 
a 2.5-μl non-purified clinical sample was mixed with 2.5 μl Nonidet P-40 (2%; 
Sigma–Aldrich) in a PCR tube and left at room temperature for 5 min. We used the 
following reaction mixture for SENSR: 1 μl promoter probe (10 μM), 1.1 μl reporter 
probe (10 μM), 10 μl DFHBI-1T solution (50 μM), 5 μl NTPs (each 25 mM), 0.4 μl 
ET-SSB (500 ng μl−1), 0.25 μl Recombinant RNase Inhibitor (20 U μl−1), 5 μl SplintR 
ligase (25 U μl−1), 2.5 μl T7 RNA polymerase (50 U μl−1) and 5 μl 10× SENSR 
buffer (500 mM Tris-HCl (pH 7.4) and 100 mM MgCl2). The reaction master mix 
was adjusted to 47.5 μl (for the thermal lysis workflow) or 45 μl (for the chemical 
lysis workflow) with RNase-free water, and 2.5 μl of thermally lysed or 5 μl of 
chemically lysed clinical sample in UTM was mixed to produce a total volume 
50 μl. A background fluorescence intensity from 50 μl 1× SENSR buffer containing 
10 μM DFHBI-1T and 2.5 μl UTM was subtracted from the SENSR fluorescence 
intensities obtained from the thermal lysis workflow. A background fluorescence 
intensity from 50 μl 1× SENSR buffer containing 10 μM DFHBI-1T, 2.5 μl UTM 
and 0.1% Nonidet P-40 was subtracted from the SENSR fluorescence intensities 
obtained from the chemical lysis workflow. The remaining steps were identical to 
the single-target detection.

Statistics. All data in this work were obtained by measurements from distinct 
samples. Two-tailed Student’s t-tests were performed using Microsoft Excel 2016. 
The linear regression in Fig. 3a and the reported R2 values associated with the data 
for Figs. 3 and 4 and Supplementary Fig. 5a were computed using SigmaPlot 12.0.

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

data availability
The authors declare that all of the data supporting the findings of this study 
are available within the paper and its Supplementary Information file. Raw 
pre-processed data for Figs. 2–8 and Supplementary Figs. 1–9 are available from 
Figshare with the identifier https://doi.org/10.6084/m9.figshare.12547391. RefSeq 
messenger RNA of Homo sapiens (ftp://ftp.ncbi.nlm.nih.gov/refseq/H_sapiens/) 
was used in the primer pair specificity-checking parameters section of the primer 
design process through Primer-BLAST.
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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 All fluorescence data were collected via the Hidex Sense 425-301 microplate reader (the emission-wavelength-optimization fluorescence 
data were collected via Tecan Spark 10M multimode microplate reader). Cycle threshold values for clinical samples were determined 
using quantitaitve RT-PCR from Seoul Clinical Laboratories.

Data analysis All data were exported by Microsoft Excel 2016. Two-tailed Student's t-test were perfomed using Microsoft Excel 2016. The linear 
regression and the reported values for the coefficients of determination associated with the data were computed using SigmaPlot 12.0

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/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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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 list of figures that have associated raw data 
- A description of any restrictions on data availability

The authors declare that all the data supporting the findings of this study are available within the paper and its Supplementary Information. Raw pre-processed data 
for Figs. 2–8 and Supplementary Figs. 1–9 are available from figshare with the identifier https://doi.org/10.6084/m9.figshare.12547391. Refseq mRNA of Homo 
sapiens (ftp://ftp.ncbi.nlm.nih.gov/refseq/H_sapiens) was used in the ‘Primer Pair Specificity Checking Parameters’ section of the primer-design process through 
Primer-BLAST.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined as per previous experimental experience, and are similar to those generally used in the field.

Data exclusions No data were excluded.

Replication Four biological replicates were performed for each experiment, except for Fig. 7 and Supplementary Fig. 9, which had two biological replicates 
each.

Randomization Negative clinical samples were randomly picked to test for our experiment. Other samples were not randomized.

Blinding No formal blinding was used.

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
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Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

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 Clinical samples were obtained from subjects who were infected (or 'healthy' for the negatives) during COVID-19 in the Republic 
of Korea. The detailed characteristics and information of the clinical sample are provided in the Supplementary Table 6. 

Recruitment The clinical samples were recruited from Seoul Clinical Laboratories. A total of 40 samples (20 positives and 20 negatives) were 
obtained. The samples were remaining nasopharyngeal swab samples that had been tested for COVID-19 rRT-PCR by the Seoul 
Clinical Laboratory. 

Ethics oversight The informed-consent exemption and protocol were approved by the Institution Review Board of Seoul Clinical Laboratories 
under IRB-20-010.

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