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Abstract
In this paper, we report a molecular diagnostic system—combining a colorimetric probe (RHthio-CuSO4) for pyrophos-
phate sensing and isothermal gene amplification (ramified rolling circle amplification)—that operates with high selectivity 
and sensitivity for clinical point-of-care diagnosis of SARS-CoV-2. During the polymerase phase of the DNA amplifica-
tion process, pyrophosphate was released from the nucleotide triphosphate as a side product, which was then sensed by our 
RHthio-CuSO4 probe with a visible color change. This simple colorimetric diagnostic system allowed highly sensitive 
(1.13 copies/reaction) detection of clinical SARS-CoV-2 within 1 h, while also displaying high selectivity, as evidenced by 
its discrimination of two respiratory viral genomes (human rhino virus and respiratory syncytial virus) from that of SARS-
CoV-2. All of the reactions in this system were performed at a single temperature, with positive identification being made 
by the naked eye, without requiring any instrumentation. The high sensitivity and selectivity, short detection time (1 h), 
simple treatment (one-pot reaction), isothermal amplification, and colorimetric detection together satisfy the requirements 
for clinical point-of-care detection of SARS-CoV-2. Therefore, we believe that this combination of a colorimetric probe and 
isothermal amplification will be useful for point-of-care testing to prevent the propagation of COVID-19.

Keywords Pyrophosphate · Colorimetric sensing · RHthio-CuSO4 probe · Isothermal amplification · Ramified rolling 
circle amplification (RAM) · SARS-CoV-2

Introduction

Molecular diagnostic methods can help to prevent the propa-
gation of infectious diseases prior to the development of 
effective drugs and vaccines [1]. These diagnostic methods 
require selectivity and sensitivity when identifying such dis-
eases [2, 3]. The reverse transcription–based polymerization 
chain reaction (RT-PCR) has become the standard confirma-
tory method for diagnosing viral infectious diseases, includ-
ing coronavirus disease 2019 (COVID-19) [4]. Nevertheless, 
its adaptability and utility have been limited because of its 
long turnaround time and the need for skilled laboratory per-
sonnel and specialized equipment [5]. Commercial RT-PCR 

processes demand gel electrophoresis [6], an exonuclease 
with the quenched probe oligonucleotide [7, 8], SYBR Green 
(as a fluorogenic duplex DNA–sensing material) for detec-
tion of the amplification products [9], or biosensing medi-
ated by nano- and electro-based materials [10–13]. There-
fore, despite its high accuracy, efficiency, and sensitivity, 
many barriers remain for on-site diagnosis using RT-PCR, 
due to the expensive equipment and manpower required to 
handle this complex diagnostic process. Accordingly, there 
is room to develop much more efficient genetic molecular 
diagnostic methods for diagnosing the viral diseases that 
are likely to arise periodically in the future, and to prevent 
their rapid spread. Thus, novel methods for rapid detection 
are being sought, as well as point-of-care (POC) devices 
displaying sufficient sensitivity and selectivity to prevent the 
rapid spread of disease [14]. From the viewpoint of rapidity, 
genetic molecular diagnostic methods based on isothermal 
amplification would appear to be useful alternatives.

The most important characteristic of POC diagnosis is 
that the process should be simple (i.e., with no need for 
expensive equipment), such that it could be adopted widely 
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in resource-limited settings. In this respect, although genetic 
diagnostic methods based on fluorescence have displayed 
high sensitivity, they are less attractive because they require 
fluorescence detectors. In contrast, colorimetric methods are 
more appealing for on-spot diagnosis, particularly when the 
color changes can be detected by the naked eye, without the 
need for any detection instrumentation.

Recently, several colorimetric probing systems, combined 
with RT-PCR, CRISPR/Cas9, and reverse transcription 
loop-mediated isothermal amplification (RT-LAMP), have 
been developed for POC testing to minimize detection times 
and the need for expensive equipment [15–19]. As a simple 
sensing platform that operates without any equipment, we 
recently developed a novel pyrophosphate-sensing molecule 
for colorimetric detection based on  Cu2+ complexation and 
decomplexation [20, 21].

Our pyrophosphate probe provided a color signal after 
performing DNA polymerase–assisted gene amplification, 
because the DNA polymerase released pyrophosphate after 
incorporating the nucleoside triphosphates. Nevertheless, 
most enzyme-based biological reactions require a variety of 
organic and inorganic substances, which may become obsta-
cles in selectively detecting only pyrophosphate.

For example, dithiothreitol (DTT) is a key material for 
maintaining enzymatic function by preventing the intramo-
lecular and intermolecular disulfide bonds of proteins from 
forming. Many DNA polymerases include DTT in their 
buffer solutions. Unfortunately, our previously reported 
probe reacted with the thiol groups of DTT and cysteine, and 
could not discriminate them from pyrophosphate [21, 22]. 
To resolve this problem, in this present study, we prepared 
RHthio-CuSO4, a new probe (based on  CuSO4 chelation) 
that displays improved resistance toward DTT, cysteine, and 
other biological substrates and allows naked-eye detection 
of pyrophosphate (Scheme 1).

Many types of isothermal amplification have already 
been applied in systems for COVID-19 detection, including 
loop-mediated isothermal amplification (LAMP) [23–25], 
recombinase polymerase amplification (RPA) [26, 27], 
and rolling circle amplification (RCA) [28, 29]. Here, to 
ensure rapid and ultra-sensitive detection, we combined 

our pyrophosphate colorimetric diagnosis technique with 
an RCA-based ramification method: ramified rolling cir-
cle amplification (RAM), a double isothermal amplifica-
tion system [30]. To the best of our knowledge, we report 
herein the first example of its application to the detection of 
RNA from severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2).

We designed a rapid and ultra-sensitive RAM reaction 
involving splint R Ligase, phi29 DNA polymerase, and three 
oligonucleotides and combined it with RHthio-CuSO4 for 
one-pot colorimetric sensing (Scheme 2). For an actual 
clinical application of this on-site diagnostic method, we 
extracted human materials from the nasopharynx of an 
actual COVID-19–infected patient and found that diagno-
sis was possible with very high sensitivity and selectivity. 
Accordingly, we believe that this method will be useful for 
POC diagnosis and for prevention of the propagation of a 
diverse range of viral diseases, including COVID-19.

Experiments

General information

All DNA oligonucleotides (RAM tem, RAM pri-1, RAM 
pri-2) were purchased from Bioneer (South Korea). The 
dNTP mixture (dATP, dTTP, dCTP, dGTP; each 2 mM) 
was purchased from Enzynomics (South Korea). The 
SARS-CoV-2 full genome was isolated using an AccuPlex™ 
SARS-CoV-2 Reference Material Kit from Seracare (USA). 
Splint R ligase and phi29 DNA polymerase were purchased 
from New England Biolabs (USA). RHthio and RHthio-
CuSO4 were synthesized in-house; data are provided in 
the Supporting Information. Chemicals used to synthe-
size RHthio were purchased from Sigma–Aldrich (USA). 
UV–Vis absorption spectra were recorded using a Shimadzu 
(Japan) UV-1650PC spectrophotometer. All optical meas-
urements were performed at room temperature, using a 
quartz cuvette (path length: 1 cm). Agarose gel electropho-
resis was performed in 1% agarose gel. The gel was loaded 
in an electrophoresis instrument at 100 V for 25 min. The 

Scheme 1  Chemical structures 
of RHthio-CuSO4 and RHthio 
and their use in the sensing of 
pyrophosphate

5908 Choi M. H. et al.



1 3

gels were stained in EtBr solution for 15 min; the stained 
gels were washed in water for 30 min. Photographs of the 
gels were recorded using an E-gel Imager (Invitrogen, USA); 
colorimetric detection images were captured using a mobile 
device.

RHthio‑CuSO4 selectivity study with anions, DTT, 
and cysteine

Solutions of the anions and biomaterials were prepared at 
200 mM in water. Solutions of RHthio and RHthio-CuSO4 
were prepared at 25 mM in DMSO. The dilution buffer 
was prepared using water and acetonitrile in a 7:3 ratio. In 
the dilution buffer, 25 mM RHthio-CuSO4 (1 μL) and a 
200 mM solution of a reactive material (1 μL) were added 
in a 1.5-mL tube. All tubes were shaken for 1 min and then 
transferred to a 1-cm cuvette cell to measure the absorb-
ance spectra. All spectral absorbances were recorded at room 
temperature.

RAM reaction confirmation

The RAM reactions were performed in solutions having a 
total volume of 20 μL. The RAM oligo mixture included 
1 μM of RAM tem, 10 μM of RAM pri-1, and 1 μM of 
RAM pri-2. The RAM reaction mixture was treated with 
10 × phi29 DNA polymerase buffer (500 mM Tris–HCl, 
100 mM  MgCl2, 100 mM (NH4)2SO4, 10 mM DTT; 2 μL), 
10 × Splint R ligase buffer (500 mM Tris–HCl, 100 mM 
 MgCl2, 10 mM ATP; 2 μL), 10 × bovine serum albumin 
(BSA, 2 mg/mL; 2 μL), the dNTP mixture (2 mM of dATP, 
dCTP, dGTP, and dTTP; 6 μL), and RAM oligo mixture (2 
μL) to give a total volume of 14 μL in one 1.5-mL tube. Prior 
to starting the reaction, the target (5 μL) was added, followed 
by Splint R ligase (0.5 μL) and phi29 DNA polymerase (10 

U/μL; 0.5 μL). The reaction mixture was incubated for 1 h 
at 37 °C.

All RAM reactions were performed according to the 
RAM protocol. The target featured 20 copies/μL of SARS-
CoV-2 full-genome material. To form the negative controls, 
one component (phi29 DNA polymerase, Splint R ligase, 
target SARS-CoV-2, RAM tem, RAM pri-1, or RAM pri-2) 
was neglected in each case. All other reaction conditions 
were the same as the general protocol. The reactions were 
confirmed using agarose gel electrophoresis (1%), with EtBr 
staining.

Sensitivity and selectivity measurements

An AccuPlex™ SARS-CoV-2 Reference Material Kit (Sera-
care, Milford, MA, USA), which was assigned as 5000 cop-
ies/mL, was used for spiked samples. The SARS-CoV-2 
RNA was extracted using an eMAG system (bioMerieux, 
MarcylEtoile, France), following the extraction protocol 
provided by the manufacturer, with an input volume of 200 
μL and an elution volume of 50 μL. The copy concentration 
in the extracted RNA was approximately 20 copies/μL. To 
increase the concentration, the SARS-CoV-2 RNA was lyo-
philized to give 50 copies/μL. For the sensitivity study, the 
RNA sample was diluted in distilled water to give concentra-
tions varying from 0.1 to 50 copies/μL. All of the samples 
at each concentration were subjected to the RAM reaction 
with RHthio-CuSO4; the absorbances were measured to 
calculate the LOD. For the selectivity study, nine species of 
bacteria that are known normal flora in the upper respiratory 
tract (Staphylococcus aureus, Staphylococcus epidermidis, 
Enterococcus faecalis, Enterococcus feacium, Escherichia 
coli, Klebsiella pneumoniae, Enterobacter cloacae, Pseu-
domonas aeruginosa, and Acinetobacter baumannii) and two 
respiratory RNA viruses (human rhinovirus and respiratory 
syncytial virus) were obtained from clinical samples. All 

Scheme 2  Schematic repre-
sentation of the process of 
using RAM for the detec-
tion of SARS-CoV-2 through 
pyrophosphate sensing by the 
RHthio-CuSO4 probe
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bacterial DNA was extracted using the boiling method, with 
DNA extraction buffer (Seegene, Seoul, South Korea); viral 
RNA was extracted in the same manner of validation with 
clinical samples. The extracted bacterial DNA and viral 
RNA were subjected to the RAM reaction with RHthio-
CuSO4; their analytical results were compared with those 
for the SARS-CoV-2 detection. In the sensitivity and selec-
tivity studies, water (180 μL) was added into a 250-μL reac-
tion tube along with 25 mM RHthio-CuSO4 in DMSO (2 
μL). For detailed analysis, the absorbance of each reaction 
mixture was measured in the presence of RHthio-CuSO4.

Clinical sample preparation and validation

The evaluation of clinical samples was approved by the 
Institutional Review Board of Jeonbuk National Univer-
sity Hospital (IRB approval number: CUH-2021–11-005). 
The requirement for patient consent was waived by the IRB 
according to local laws. A total of 40 residual samples for 
SARS-CoV-2 real-time reverse transcription PCR (rRT-
PCR) were employed in this study: 20 positive samples and 
20 negative samples. All nasopharyngeal samples were col-
lected according to the standard protocol for the diagnosis of 
COVID-19 [4]. All swabs were sampled using an eNAT tube 
(Copan Italy, Brescia, Italy). After performing the clinical 
tests for the diagnosis of COVID-19, all samples were stored 
at − 20 °C. The nucleic acid was extracted using Magna Pure 
24 (Roche Diagnostics, Basel, Switzerland) or eMAG (bio-
Mérieux, Marcy-l’Étoile, France), following the manufac-
turer’s protocol. The rRT-PCRs were performed using the 
Allplex SARS-CoV-2 Assay (Seegene, Seoul, South Korea); 

interpretations were performed according to the manufac-
turer’s instructions and the Guidelines for Laboratory Diag-
nosis of Coronavirus Disease 2019 in Korea [4]. Samples 
having positive cycle threshold (Ct) values from 19.00 to 
37.86 for the RdRp gene were selected. For clinical valida-
tion, 40 reactions were performed using the RAM reaction 
combined with RHthio-CuSO4 detection. For all clinical 
validation studies, water (180 μL) was added into a 250-μL 
reaction tube, followed by 25 mM RHthio-CuSO4 in DMSO 
(2 μL). For detailed analysis, the absorbance of each reaction 
with RHthio-CuSO4 was measured.

Results and discussion

Optimization

The RHthio-CuSO4 complex was prepared in two steps 
(Scheme S1). Rhodamine hydrazide was condensed with 
thiophene 2-carboxaldehyde in the presence of a catalytic 
amount of trifluoroacetic acid (TFA) in MeOH to give the 
hydrazone RHthio, which was then complexed with  CuSO4 
in DMF to give a deep-violet solid. This complex was char-
acterized using IR spectroscopy and high-resolution mass 
spectrometry (HRMS); it was dissolved in DMSO (25 mM) 
for use in subsequent studies.

First, we examined the selectivity of RHthio-CuSO4 
toward pyrophosphate (Fig. 1a), testing the effects of vari-
ous anions that would be present in the biological reac-
tion. In the presence of pyrophosphate, the absorption of 
RHthio-CuSO4 at 550 nm (λmax) underwent a clear decrease 

Fig. 1  a  Selectivity of RHthio-CuSO4. Absorbance spectra of 
RHthio and RHthio-CuSO4 recorded in the presence of various ani-
ons and biomaterials. All reaction mixtures included 25 mM RHthio 
or RHthio-CuSO4 (1 μL) and a reactive material (200  mM, 1 μL) 
in water (1 mL). b Agarose gel electrophoresis of the RAM reaction. 
Lane M: DNA marker; lane 1: RAM reaction without phi29 DNA 

polymerase; lane 2: RAM reaction without Splint R ligase; lane 3: 
RAM reaction without SARS-CoV-2 target; lane 4: RAM reaction 
without RAM template; lane 5: RAM reaction without RAM pri-1; 
lane 6: RAM reaction without pri-2; lane 7: RAM reaction. The gel 
was stained with EtBr
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in intensity, implying the exchange of its  Cu2+ cation to 
pyrophosphate; the other anions did not induce any dramatic 
changes in absorption. Furthermore, we did not observe any 
dramatic decreases in absorption when DTT (a key material 
for enzyme function) and cysteine were present, although 
they did induce some small changes in the absorption spec-
tra. Although the exact mechanism is unknown, we suspect 
that the thiophene unit in RHthio-CuSO4 influenced the 
strength of the coordinative bonds of the imino and C = O 
groups toward the  Cu2+ cation.

Next, we examined the RAM process targeting SARS-
CoV-2. Here, we prepared a circular template sequence 
(RAM tem) and pri-1 (RAM pri-1) and pri-2 (RAM pri-2) 
sequences for the RAM reaction, and screened different tar-
get regions in SARS-CoV-2. Designing a primer that binds 
to a specific region of viral RNA for reverse transcription is 
the key pivotal step for selective detection of SARS-CoV-2 
when using RT-PCR, RT-LAMP, and RT-RPA for amplifi-
cation. Accordingly, we screened five different target bind-
ing regions: RdRp gene (Table S1), RdRp-2 gene, E gene, 
S gene, and N gene (Table S2). We attempted to find the 
selective binding region by using 20 copies of the SARS-
CoV-2 genome and analyzed the outcome through agarose 
gel electrophoresis. Figure S11 reveals that the E gene and S 
gene target regions displayed low sensitivity relative to other 
three targets (RdRp gene, RdRp-2 gene, and N gene). Thus, 
we excluded the E gene and S gene as target binding regions. 
To further identify the most selective region, we prepared 
nine species of bacteria that are known as normal flora in 
the upper respiratory tract (Staphylococcus aureus, Staphy-
lococcus epidermidis, Enterococcus faecalis, Enterococcus 
feacium, Escherichia coli, Klebsiella pneumoniae, Entero-
bacter cloacae, Pseudomonas aeruginosa, and Acinetobac-
ter baumannii) and two respiratory RNA viruses (human 
rhinovirus and respiratory syncytial virus) from clinical 
samples. Interestingly, our colorimetric RAM system could 
discriminate SARS-CoV-2 selectively from the bacterial 
genomes in all three target regions (RdRp gene, RdRp-2 
gene, and N gene; Fig. S12). In the presence of the respira-
tory viruses, however, our colorimetric RAM system could 
identify SARS-CoV-2 selectively only in the RdRp gene 
region; that is, it could not discriminate the viral genome 
in the RdRp-2 gene and N gene regions (Fig. S13). Thus, 
we chose the RdRp gene as the target region for subsequent 
diagnoses of SARS-CoV-2.

To examine the success of the RAM reaction, we per-
formed it under several negative conditions: in the absence 
of an enzyme, target, primer, or template, as negative con-
trols (Fig. 1b). We used agarose gel electrophoresis to com-
pare the results with those from the positive RAM reaction. 
Lanes 1 to 5 (see Fig. 1b for the components in each lane 
of the gel) did not feature any amplification bands, but lane 
6 (lacking RAM pri-2) and lane 7 (containing RAM pri-2) 

revealed the amplification pattern. The reason why lane 6 
contained amplification bands is because Splint R ligase suc-
cessfully produced the circular DNA template, which was 
amplified with RAM pri-1 through the general RCA reac-
tion. Compared with lane 7, however, the band in lane 6 was 
weaker. Thus, by adding RAM pri-2, an additional ampli-
fication step—ramified amplification—occurred during the 
RCA reaction. Accordingly, we confirmed that the RAM 
reaction was sensitive and faster than the RCA reaction.

Sensitivity and selectivity

Next, we examined the sensitivity and selectivity of the 
detection when using our RHthio-CuSO4 probe and RAM 
system (Fig. 2). To ensure similar conditions for calcula-
tion of the detection limit, we used a full-genome SARS-
CoV-2 materials kit. We extracted the RNA from the mate-
rials with assigned copy numbers, and prepared samples of 
various concentrations for the sensitivity study. First, we 
performed all of the RAM reactions using SARS-CoV-2 
RNA; subsequently, we added the RHthio-CuSO4 probe. 
We measured the sensitivity in terms of the absorbance at 
560 nm. Figure 2a presents the average change in absorb-
ance at each specific concentration; the inset reveals that 
linear relationship used to calculate the limit of detection 
(LOD) through the 3σ method (LOD = 3 × (SD/S), where 
SD is the standard deviation and S is the slope of the plot). 
We obtained an LOD of 1.13 copies/rxn. Thus, our RHthio-
CuSO4/RAM system was extremely sensitive, functioning 
even in the presence of only a small copy number of viral 
RNA from SARS-CoV-2. In general, RNA viruses have 
very low concentrations of their genomes; therefore, ultra-
sensitive detection is necessary. In our system, 1.13 copies/
μL was sufficient for detection of the RNA. Corman reported 
2.31 log copies/mL based on a 25-μL reaction volume [31], 
and Pfefferle reported 2.83 log copies/mL as the LOD for 
SARS-CoV-2 when using real-time RT-PCR [32]. Thus, our 
RHthio-CuSO4/RAM system is much more sensitive than 
those used previously with other types of isothermal ampli-
fication [26–29].

For the selectivity study, we employed several bacterial 
genomes to examine whether cross-reactions occurred with 
our amplification system (Fig. 2b). We performed the RAM 
reactions with nine types of bacterial genomes that are found 
in the nose and mouth, notably in the mucous membrane 
[33–35]. Because COVID-19 samples are typically taken 
from the mouth and nose, such bacteria would be present if 
there were any bacterial infection. Any diagnostic system 
that reacted with these bacteria would diagnose the patient 
as a false-positive; therefore, selective detection would be 
necessary for practical application. Figure 2b reveals that 
these bacteria did not react with the RAM system; there were 
no changes in absorbance because no amplification occurred 
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and, therefore, the system could not produce pyrophosphate. 
The colorimetric detection was consistent with the absorb-
ance change. We also examined the effects of two other res-
piratory viruses: human rhinovirus and respiratory syncytial 
virus. Again, our RHthio-CuSO4/RAM system could diag-
nose and discriminate the SARS-CoV-2 virus from these 
other respiratory viruses.

Clinical validation

Finally, we studied the suitability of our RHthio-CuSO4/
RAM system for clinical application by testing clinical sam-
ples. We prepared 40 samples—20 positive (P01 to P20) 
and 20 negative (N01 to N20)—obtained from patients. 
When we applied our diagnostic system to the real sam-
ples, the positive test samples examined with our RHthio-
CuSO4/RAM system revealed a dramatic color change 
in all 20 cases, even though there were variations in their 
copy numbers (Ct values from 19 to 37); although 18 of the 
negative samples displayed a violet color, two of the nega-
tive samples provided a positive response (Fig. 3a). Thus, 
we could clearly validate the positive samples and negative 
samples in terms of their color. The absorbance data were 
consistent with the results from the color images (Fig. 3b). 
As a result, our diagnostic method functioned with 100% 
sensitivity and 90% selectivity in the 40 tested samples. A 

good correlation also existed between the observed absorp-
tion values from the diagnoses performed with our system 
and the Ct values of the RdRp gene determined through real-
time RT-PCR in Fig. S14 (Pearson’s r = 0.90). Our RHthio-
CuSO4/RAM system provided a clear positive value even 
for samples with low viral titer—a Ct value of approximately 
37.8 (positive cut-off Ct value for Allplex SARS-CoV-2 
Assay: 40; maximum amplification: 45 cycles).

Our RHthio-CuSO4/RAM system displayed ultra-sensi-
tivity and sufficient selectivity for POC detection purposes 
within 1 h, even for real clinical samples, when applying 
only two enzymes and three oligonucleotides, at only a sin-
gle temperature, with detection by the naked eye. Neverthe-
less, we cannot say that this system is perfect for diagnosis, 
because its specificity was not 100%, and because we could 
not perform the validation with a sufficient number of sam-
ples. For clinical use in the real world, a well-designed clini-
cal validation study would be necessary.

Conclusion

We have developed RHthio-CuSO4, a new colorimetric 
probe for the sensing of pyrophosphate with sufficient 
selectivity over other types of anions, as well as DTT 
and cysteine. We applied RHthio-CuSO4 with a RAM 

Fig. 2  Sensitivity and selectivity of the RAM reaction performed 
with the RHthio-CuSO4 probe. a  Sensitivity study, using full-
genome SARS-CoV-2 at concentrations from 0.5 to 250 copies/
reaction (copies/rxn). All reactions were repeated three times; error 
bars are presented in the graph. Inset: linear relationship between the 
change in absorbance and the concentration of SARS-CoV-2 from 
0.5 to 12.5 copies/rxn. All absorbances were measured at 560 nm. A, 

absorbance in the presence of target; A0, absorbance in the absence 
of target; y-axis, absolute value. b Selectivity study, performed in the 
presence of bacterial genomes, determined in terms of the absorbance 
at 560 nm. All reactions were repeated three times; error bars are pre-
sented in the chart. The tubes in the color photograph of the samples 
correspond to the bars below, revealing the relationship between color 
and absorbance
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reaction for the diagnosis of SARS-CoV-2—particularly 
targeting the RdRp gene region. Gratifyingly, the RHthio-
CuSO4/RAM system exhibited extremely high sensitiv-
ity for the detection of SARS-CoV-2 (1.13 copies/rxn). 
Our RHthio-CuSO4/RAM system also displayed high 
selectivity toward SARS-CoV-2 against various bacterial 
genomes and other human respiratory viruses. Finally, 
we validated the performance of RHthio-CuSO4/RAM 
using real clinical samples from COVID-19 patients. Our 
RHthio-CuSO4/RAM system displayed 100% sensitivity 
and 90% selectivity when diagnosing the real COVID-19 
clinical samples. This RHthio-CuSO4/RAM system has 
several attractive features making it suitable for applica-
tion in POC tests: high sensitivity and selectivity, a pro-
cessing time within 1 h in total, simple treatment (one-
pot reaction), isothermal amplification, and colorimetric 
detection by the naked eye. Furthermore, we suspect that 
this ultra-sensitive, selective, and colorimetric detection 
method will also be applicable to the POC diagnoses of a 
diverse range of other RNA-based diseases.
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Fig. 3  Clinical validation of the RAM system combined with 
RHthio-CuSO4. The color photographs and absorbance measure-
ments were both performed using 40 clinical samples (20 positive 
and 20 negative). a  Colorimetric detection assays. Positive RHthio 
reactions appeared as colorless; negative RHthio reactions provided 

a violet color. b Absorbance diagnosis at 560 nm, presented as a bar 
chart. Positive samples appear as red bars; negative samples appear 
as blue bars. RT-PCR Ct values of the positive samples are presented 
in parentheses next to their sample numbers. Black dotted line repre-
sents the negative line
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