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ARTICLE INFO ABSTRACT

Keywords: In this paper we present a new method for the detection of severe acute respiratory syndrome coronavirus 2

Pyrop‘hosplllate ) (SARS-CoV-2), targeting a specific region “N gene.” Under isothermal reaction conditions, we integrated ligation

E]‘zl"rm;emc sensing (Lig; high selectivity) and recombinase polymerase amplification (RPA; high sensitivity) processes, obtaining a
-probe

robust method of detection. For point-of-care testing, we incorporated our laboratory-produced pyrophosphate
ion (PPi)-sensing probe (PK-probe) for colorimetric analysis of the reaction. The total detection system was
efficient and effective at diagnosing this RNA virus-mediated disease rapidly (30 min). In a full-genome SARS-
CoV-2 study, our PK-probe/Lig-RPA system functioned with a limit of detection of 1160 copies/ml, with a
single-mismatch level of selectively, and it was highly selective even in the presence of bacterial genomes
commonly found in the human mouth and nose. This robust, straightforward, selective, efficient, and ultra-
sensitive colorimetric detection method, with potential for point-of-care analysis, should also be effective in
detecting a diverse range of other RNA-based diseases.

Isothermal amplification
Recombinase polymerase amplification (RPA)
SARS-CoV-2

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic had a sudden
devastating effect on global public health, taking more than 5.9 million
lives alongside 445 million cases, while also collapsing the worldwide
economy [1]. Maintaining regular diagnosis is important to prevent
inadvertent infectious viral shedding and spreading in our communities,
including asymptomatic infected persons and elders with disease
comorbidities [2,3]. Despite the availability of many detection systems,
including those based on microfluidic analytic, serological [4,5] and
nucleic acid detection, there is room to develop efficient and effective
systems for the diagnosis of COVID-19 and, thereby, control this crisis
[6].

Specific and precise viral nucleic acid detection using the reverse
transcription polymerase chain reaction (RT-PCR) has dominated sero-
logical testing; it has become the gold standard testing method, despite
having limitations in, for example, sample storage, temperature control
during incubation, expense, the need for purification and long analysis
times, and false negative results arising from viral evolution, making it
unsuitable for use at the point-of-care (POC) level [4,5]. Furthermore,
RT-PCR and gPCR require standard/advanced PCR machines with
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trained personnel, so they are not suitable for POCT [2]. Considering the
role of fomites in spreading infection, POC testing (POCT) is a high
priority for diagnosis because it minimizes the need for complicated
clinical practices and helps to accelerate decision-making in regard to
optimized treatment. POCT should be simple, easy to perform, robust,
portable, and require only small amounts of samples; it could, for
example, employ constant-temperature isothermal detection of nucleic
acids through the strand displacement activity of DNA polymerase [e.g.,
recombinase polymerase amplification (RPA), RCA, and LAMP] [6].
Many detection systems are well established, including those based
on RT-RPA, RT-PCR, RT-LAMP, RT-RPA/CRISPR Casl2b, and qPCR
[7-14]. In this present study we developed a system based on a
pyrophosphate-sensing probe (PK-probe) and ligation-RPA (Lig-RPA)
for the POCT. Although RT-RPA is quite simple and does not require an
expensive equipment [15], there is significant drawback in the selec-
tivity with the chance of mis- or self-pairing of the primers during the
reverse transcription (RT) when targeting the whole genome of viral
RNA; primers may not discriminate the exact target sequence from the
non-target sequences with a few mismatches. RT-RPA system may pro-
duce many unwanted cDNA products during the reverse transcription
[16]; some of the primers might bind nonspecifically to unwanted
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targets and produce nonspecific amplified products. Therefore, when
designing the target sequence and primer, it is very difficult and requires
careful design to obtain accurate results. Another problem is that it is
difficult to apply the PK probe that can sense the pyrophosphate
developed by our research team for POCT because unwanted pyro-
phosphate ion (PPi) will be released during the reverse transcription
and, ultimately, leading false positive signals when applying our
PPi-sensing PK Probe [17,18].

In our present proposed detection system based on PK-probe/Lig-
RPA, the drawbacks of RT-RPA can be overcome while providing more
accurate analysis [14]. In our system, the use of multiple Lig processes
removes many of the complexities of the RT step (e.g., it avoids the
possibility of mispairing of primers with different non-target sequences;
no extra pyrophosphate is released during the ligation process; and high
temperatures are avoided because the Lig and RPA reactions are both
operated with incubation at room temperature) [15,16]. Thus, the
whole process of PK-probe/Lig-RPA detection can be performed
isothermally, simplifying the detection and making it suitable for POCT
[17]. To avoid the side effects of the RT reaction, we selected the SplintR
ligation reaction because it is robust and does not release any PPi, it
produces the target gene (only 220-mers), and there is no chance of
producing any other nonspecific amplified products during the RPA
process (because of the availability of the “N gene,” which is approxi-
mately a 220-mer) [18]. Thus, only the selected target can be amplified,
such that the change in color produced by the PK-probe providing a
more authentic outcome. The SplintR ligase-based ligation system is
robust and approximately 100 times faster than the system based on T4
DNA ligase, thereby accelerating detection systems based on selective
RNA-based DNA ligation [16]. The RT-RPA system is well established for
highly sensitive and robust detection [8]. Nevertheless, selectivity has
always remained problematic [19]. Gratifyingly, our present detection
strategy, integrating rapid SplintR ligase-based ligation with RPA,
operates with enhanced selectivity and high sensitivity when compared
with other known detection systems [20-22].

Colorimetric detection is the fastest means of detection because it
allows instant qualitative outcomes to be determined by the naked eye;
it is, therefore, simple and suitable for POCT [23]. PPi is one of the most
significant biological anions, performing various biophysiological
functions, including many associated with the regulation of metabolism.
In DNA/RNA synthesis, the most common byproduct is PPi, which acts
as a pivotal indicator sensor of diagnostics [24,25]. Based on the concept
of sensing PPi, we have developed a colorimetric probe (PK-probe) that
senses PPi with sufficient selectivity over other types of anions, as well
as DTT and cysteine [26]. Here we combined this PK-probe with the
Lig-RPA reaction for the diagnosis of SARS-CoV-2, particularly targeting
the “N gene” region. Our resulting PK-probe/Lig-RPA colorimetric
isothermal nucleic acid detection system appears suitable for POCT
because the process is simple and operates with high selectivity and
sensitivity (Scheme 1) [27].

2. Experimental section
2.1. General information

All DNA oligonucleotides were purchased from Bioneer. SplintR
ligase and the Isothermal Amplification Buffer Pack were obtained from
New England Biolabs (USA). The RPA TwistAmp® Basic Kit was pur-
chased from TwistDx, TABASO3KIT (USA). Formamide (F7503-100 ML)
was purchased from Sigma-Aldrich (USA). UV-Vis absorption spectra
were recorded using a Cary Series UV-Vis spectrophotometer (Agilent
Technologies, USA). All optical measurements were performed at room
temperature, using a quartz cuvette (path length: 1 cm). The PK-probe
was prepared according to a previously reported procedure; its spectra
were in accordance with those described [26].

Polyacrylamide gel electrophoresis (PAGE) was performed in 20%
polyacrylamide gel. 40% Acrylamide/Bis solution (BIO-RAD, USA; 2.5
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Scheme 1. Schematic representation of the PK-probe/Lig-RPA assay.

mL), 10X Tris borate EDTA buffer (Enzynomics, South Korea; 0.5 mL),
and 20% ammonium persulfate (in HyO) were mixed in a tube and
distilled water then added to give a total volume of 5 mL. Finally, tet-
ramethylethylenediamine (TEMED; Sigma-Aldrich, USA) was added to
give the 20% polyacrylamide gel. The gels were loaded in an electro-
phoresis instrument (Mini-PROTEAN Tetra Cell; BIO-RAD, USA) and
treated at 80 V for 6 h. The gels were stained with ethidium bromide
(EtBr) solution for 10 min; the stained gels were washed with water for
10 min. Photographs of the gel and colorimetric detection images were
captured using a mobile device under a transilluminator.

2.2. Ligation and RPA reaction conditions

The total ligation reaction volume was 10 pL, including the solution
of the seven ligation oligonucleotide templates (10 nM, 5 pL), spiked
SARS-CoV-2 RNA (2 copies; 1 pL) 10X SplintR ligase buffer (500 mM
Tris-HCl, 100 mM MgCl,, 10 mM ATP; pH 7.5 at 25 °C; 1 pL), 10X bovine
serum albumin (BSA; 1 pL), SplintR ligase (25 U/pL; 1 pL), PK-probe
(0.1 pL) and added dH3O to give a total 10 pl volume and incubated at
37 °C for approximately 10 min.

Following the general procedure of the Twist Dx RPA Kkit, the total
reaction volume of 50 pL contained the primer-free rehydration buffer
(29.5 pL), forward and reverse primers (each 50 pmol/pL; 5 pL), 100 mM
DTT (3 pL), and ligated target product (10 pL); it was treated with the
Basic reaction kit mixture containing lyophilized enzymes, then mixed
using a pipette. 280 mM Mg(OAc), (2.5 pL) was added and mixed well.
The reaction mixture was incubated at 37 °C for approximately 20 min.

2.3. Sensitivity and selectivity measurements

During preparation of SARS-CoV-2 spike RNA we made a simulated
sample; a 200 pL (1000 copies) of recombinant SARS-CoV-2 full-genome
control material (assigned as 5000 copies/mL; AccuPlex SARS-CoV-2
Molecular Controls Kit — Full Genome, Material Number 0505-0129,
SeraCare, Milford, MA) -was spiked into 1.8 mL buffer (eNAT, Copan
Italia, Brescia, Italy) of negative human sample prepared according to
standard specimen acquisition. Then this total 2 ml solution (1000
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copies) were extracted using an eMAG system (bioMerieux, MarcylE-
toile, France), following the extraction protocol provided by the
manufacturer, with an input volume of 200 pL (100 copies) and obtained
an elution volume of 50 pL (100 copies). The copy concentration in the
extracted RNA was approximately 2 copies/uL = 2000 copies/ml.

For the sensitivity study, the RNA sample was diluted in distilled
water and lyophilized to give concentrations varying from 0 to 50
copies/pL = 0 to 50,000 copies/ml. All the samples at each concentra-
tion were tested with the PK-probe/Lig-RPA system; the absorbances
were measured to calculate the limit of detection (LOD). The selectivity
study involved nine species of bacteria that are known normal flora in
the upper respiratory tract (Staphylococcus aureus, Staphylococcus epi-
dermidis, Enterococcus faecalis, Enterococcus feacium, Escherichia coli,
Klebsiella pneumoniae, Enterobacter cloacae, Pseudomonas aeruginosa, and
Acinetobacter baumannii). All of the 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 tested
with the PK-probe/Lig-RPA system; their results were compared with
those for SARS-CoV-2 detection. In the sensitivity and selectivity studies,
water (150 pL) was added into a 250-pL reaction tube along with 25 mM
PK-probe (0.1 pL) to check for a color change and later diluted with
dH20 to make a 1 mL solution for detailed analysis, because the
absorbance of each reaction mixture was measured in the presence of
PK-probe.
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3. Results and discussion
3.1. Selection of target site and primer design

Based on our hypothesis, we designed seven templates (Lig T1, Lig
T2, Lig T3, Lig T4, Lig T4, Lig T5, Lig T6, Lig T7) for the synthesis of
cDNA (targeting the “N gene” of SARS-CoV-2) mediated by SplintR
ligase (Table S1). Among them, the LT2 to LT7 templates presented a
monophosphate unit at the 5'-end for the ligation event. The templates
containing a phosphate modification at the 5’-end would also allow the
ligation by SplintR ligase to occur in the presence of perfectly matched
target RNA; during the ligation reaction no PPi would be released as a
byproduct. In the presence of the RNA target ligation would occur
without any chance of PPi being released, unlike the situation during RT.
We designed two primers (Lig-RPA fwd pri, Lig-RPA rev pri) for the RPA
amplification process. To examine the selectivity, we designed some
mismatched templates (Lig-T3 tail 1 mm, Lig-T4 mid 1 mm, Lig-T4 2
mm) with one and two base-mismatches; the mismatched points are
highlighted in red in Table S1. We prepared a 220bp-long cDNA tar-
geting “N gene” in SARS-CoV-2 by ligation of seven templates (ca. 32bp
each) and then examined the RPA reaction. Designing the templates for
binding to the specific region of viral RNA for the ligation reaction was
the significant step for selective detection; it would form the full-length
cDNA only when each template had bound to the target “N gene” in
SARS-CoV-2. For this study we used 100 copies of spike SARS-CoV-2 full-
genome RNA and attempted to clarify the cDNA formation using the
seven templates and SplintR ligase; we analyzed the outcome through
PAGE (Fig. 1(A)). We confirmed the formation of the 220mer cDNA

.
-0’270’2?0-

Pyrophosphate(PPi)

(Colorless)

- Lig-RPA negative
——Lig-RPA positive

aae .

T T
450 500 550 600 650 700

Wavelength (nm)

Fig. 1. Demonstration of the PK-probe/Lig-RPA assay. (A) Confirmation of the Lig-RPA reaction, using PAGE; lane M: 25/100 bp ladder; lane 1: extracted whole-
genome RNA from SARS-CoV-2—positive patient + 1 to 7 ligation templates corresponding to the “N” gene of SARS-CoV-2 + ligation and RPA reaction mixture with
PK-probe; lane 2: extracted whole-genome RNA from SARS-CoV-2-negative patient + 1 to 7 ligation templates corresponding to the “N” gene of SARS CoV-2 +
ligation and RPA reaction mixture with PK-probe. Near the <40mer size location, some bands are visible for both lane 1 (blurry, very light) and lane 2 (clear),
representing unreacted ligation templates and RPA primers that were approximately 30-36 mers in length (Table S1). (B) Color change mechanism of PK-probe [26].
(C) Optimization of PK-probe/Lig-RPA; a concentration of PK-probe of 2.5 pM was required to optimize the visibly significant color change between the positive and
negative reactions. (D) Absorbances of negative and positive PK-probe/Lig-RPA assays. All absorbances were measured at 575 nm. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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indirectly after RPA. We observed a specific band at approximately the
220mer location when we added the “N gene” in SARS-CoV-2 (lane 1); in
the absence of the target, we did not observe any corresponding band,
implying that no ligation had occurred (lane 2). Thus, the PAGE data
confirmed that our Lig-RPA system was working.

3.2. PK-probe combined with Lig-RPA system

PK-probe is a Cu?t complex of a thienyl-hydrazone rhodamine de-
rivative. Several Cu?*-complex probes have been used in the colori-
metric detection of DNA/RNA amplification [28]; even though they
were selective to PPi, they underwent cross reactions with DTT [29].
Another type of AuNCs-Cu?" system has been used to detect PPi in
human urine [30]. Nevertheless, PK-probe is the probe that has
exhibited high selectivity toward PPi in the presence of natural deoxy-
nucleotide triphosphates (dANTPs), DTT, and cysteine. PK-probe is a
pink-colored probe featuring a ring-opened rhodamine entity com-
plexed to a Cu?* ion. When this probe comes in contact with PPi, that ion
forms a complex with Cu?* ion previously coordinated to the rhodamine
entity. After PK-probe releases its Cu?" ion, self-driven rhodamine ring
closure occurs, resulting in disappearance of the pink color [Fig. 1(B)].
Even though DTT is a good competitor for forming Cu?>* complexes,
PK-probe releases its Cu?' ion selectively to PPi, resulting in a large
decrease in absorbance at 575 nm in the presence of PPi. This selective
and specific colorimetric sensor for PPi is highly resistant to all other
biomolecules and buffer components, particularly large amounts of DTT
and human serum.

Based on the working mechanism of PK-probe, we tested whether
we could detect SARS-CoV-2 using a combination of PK-probe and the
Lig-RPA system.

To examine the utility of the PK-probe/Lig-RPA system, we tested
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negative conditions (in the absence of the target “N gene” in SARS-CoV-
2) and positive conditions (in presence of target “N gene” in SARS-CoV-
2) and examined their responses at various PK-probe concentrations. A
concentration of 2.5 pM was optimal for our Lig-RPA system. Fig. 1(C)
reveals that a significant color change between the positive and negative
reactions was visible to the naked eye. In Fig. 1(D), according to the
absorbance readings based on the qualitative control, there was also
drastic difference measured at a wavelength of 575 nm.

3.3. Optimization diagnostic process for POCT

During optimization of the PK-probe/Lig-RPA detection assay, we
checked the activity of our system based on temperature and time. In the
time-dependent study, we tested the combination of PK-probe/Lig-RPA
from 0 min to 1 h; it had already been proven that 10 min would be
sufficient for ligation by SplintR ligase, with that RPA would take less
than 20 min to amplify even one copy number of DNA [16,31]. The
PK-probe/Lig-RPA system already provided a significant differentiable
colorimetric outcome to the naked eye within a total diagnosis time of
20 min (Lig, 10 min; RPA, 10 min); after 50 min, almost clear visibility
had occurred (Fig. 2A and B). Thus, we believed that the PK-probe/-
Lig-RPA system could detect the target “N gene” in SARS-CoV-2 within
30 min with a visible color change.

Next, we optimized the temperature for the POCT. SplintR ligase is
reported to display its optimized activity at 37 °C, while for RPA the
optimized activity is reported to occur at 39-42 °C; nevertheless, en-
zymes can be activated at temperatures as low as 16 °C, and both en-
zymes can function well even at room temperature [10,16,32]. If
detection is possible under ambient conditions/room temperature, then
POCT would be simpler and more feasible to perform; therefore, we
tested our Lig-RPA assay at various temperatures, including 20, 25, 30,
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Fig. 2. Optimization of PK-probe/Lig-RPA assay. (A) Colorimetric analysis of time-dependent sensitivity. Lane 1: 0 min — 0 min Lig 4+ 0 min RPA; lane 2: 20 min —
10 min Lig + 10 min RPA; lane 3: 25 min — 10 min Lig + 15 min RPA; lane 4: 30 min — 15 min Lig + 15 min RPA; lane 5: 35 min - 15 min Lig + 20 min RPA; lane 6:
40 min — 15 min Lig + 25 min RPA; lane 7: 50 min — 20 min Lig + 30 min RPA; lane 8: 1 h — 20 min Lig + 40 min RPA. (B) Absorbance spectra according to the
colorimetric tests in (A). (C) Colorimetric analysis of temperature dependent study. Lane 1: at 37 °C Lig-RPA (negative); lane 2: at 20 °C Lig-RPA; lane 3: at 25 °C Lig-
RPA; lane 4: at 30 °C Lig-RPA,; lane 5: at 37 °C Lig-RPA (positive). (D) Absorbance spectra of the PK-probe/Lig-RPA system according to the temperature-dependent

study in (C). All absorbances were measured at 575 nm.
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and 37 °C (Fig. 2C and D). We found that our system is worked well in
the range 20-37 °C; even at 20 °C the outcome of the assay was satis-
factory for qualitative analysis, although the efficiency was higher at
37 °C.

3.4. Sensitivity

We examined the sensitivity of detection when using our PK-probe/
Lig-RPA system. To ensure similar conditions for calculation of the LOD
we made a simulated sample; we used spiked SARS-CoV-2-positive RNA
sample with an assigned copy number (2 copies/pul), and prepared
samples of various concentrations for the sensitivity study. We measured
the sensitivity in terms of the absorbance at 575 nm. We performed the
sensitivity tests using from 0 to 50 copies/pl = 0 to 50,000 copies/ml;
their reactions were confirmed using PAGE [Fig. 3(A); corresponding
colorimetric data in Fig. 3(B)].

From Fig. 3(A), PAGE analysis of the sensitivity experiments using
different copy numbers revealed a specific amplified product (ca.
220mer) when using 1 to 50 copy numbers of target SARS-CoV-2 RNA,
whereas the 0 copy case resulted in no band visibility at this position. A
colorimetric study (Fig. 3(B)) revealed that the 0-copy reaction provided
a whole pink color, whereas increasing the target copy number resulted
in more colorless properties of the PK-probe. We performed this
experiment three times to determine the sensitivity, based on the
absorbance at 575 nm (Fig. S1). We measured the average change in
absorbance at each specific concentration; the inset to Fig. 3(C) reveals
the linear relationship used to calculate the LOD, through the 3¢ method
[LOD = 3 x (SD/S), where SD is the standard deviation and S is the slope
of the plot]. The calculated LOD was 1160 copies/ml of target with a
Pearson’s r value of 0.99843, suggesting high sensitivity. Thus, our PK-
probe/Lig-RPA system was extremely sensitive, functioning even in the
presence of only small copy numbers of viral RNA from SARS-CoV-2. In
general, RNA viruses have very low concentrations of their genomes;
therefore, ultrasensitive detection is necessary. In our system, LOD was
1160 copies/ml, which is similar with RT-qPCR methods such as re-
ported by Yang M, et al. and Corman et al. and even highly sensitive
compared to other colorimetric detection method as we mentioned in
Table S2 [33-37].

500 mers

100 mers

(B)

Absorbance (A-A )
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3.5. Selectivity

Theoretically, a general RT-RPA system cannot discriminate a
perfectly matched sequence from one- or two-base-mismatched se-
quences, because when the reaction primers bind to the target RNA for
the RT process, they might be able to amplify the gene with several
mismatched-sequence amplicons (false positive). In contrast, we ex-
pected that our Lig-RPA system might discriminate mismatched points
during the ligation step. It would form the full-length cDNA only when
all of the ligation templates matched the viral RNA from SARS-CoV-2.
SplintR ligase produces complementary cDNA sequences only in the
presence of a matched target RNA sequence; if one of the ligation tem-
plates did not match, the cDNA would not be synthesized. Therefore, we
expected that the selectivity of our Lig-RPA assay would be superior to
that of general RT-RPA.

To determine the selectivity of our Lig-RPA detection method, we
incorporated single, double, and triple mismatches in the ligation tem-
plates (LT3, tail region; LT4, head and mid region). To evaluate our PK-
probe/Lig-RPA system’s selectivity [Fig. 4(A) and (C), S2 and S3] we
compared its selectivity to PK-probe/RT-RPA system’s selectivity
[Fig. 4(B) and (D) and S4]. For comparison of Lig-RPA and RT-RPA, we
examined their amplified products using PAGE [Fig. 4(A) and (B)].

Fig. 4(A) and (B) display the results of PAGE-based comparisons of
Lig-RPA and RT-RPA. The use of Lig-RPA with target RNA from SARS-
CoV-2 revealed different gel band patterns in response to the different
mismatched sequences, from one to three mismatches. In contrast, the
RT-RPA assay revealed almost the same gel band patterns in response to
the one to three mismatches, implying that the RT-RPA system could not
discriminate false binding to similar sequences. In the colorimetric test
performed using Lig-RPA, clearly differentiable color variations
appeared among the various mismatched systems; in contrast, the RT-
RPA-based colorimetric tests revealed almost the same color change in
each case, leading to a high probability of false-positive outcomes [Fig. 4
(C) and (D)]. Thus, the PAGE and colorimetric tests indicated that the
PK-probe/Lig-RPA system had higher selectivity for target-based
detection.

To study the selectivity further, we employed several bacterial ge-
nomes to examine whether cross-reactions occurred when using PK-
probe/Lig-RPA system. We prepared samples of nine species of bacteria
that are known normal flora in the upper respiratory tract or frequent
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Fig. 3. Sensitivity of the reactions performed using the PK-probe/Lig-RPA assay. (A) PAGE analysis of the Lig-RPA sensitivity test with different copy numbers. Lane
M: 100-bp ladder; lane 1: 50 copies; lane 2: 20 copies; lane 3: 10 copies; lane 4: 5 copies; lane 5: 2 copies; lane 6: 1 copy; lane 7: 0 copy. (B) Colorimetric analysis of
the sensitivity test of Lig-RPA with PK-probe using different copy numbers. Lane 1: 0 copy; lane 2: 1 copy; lane 3: 2 copies; lane 4: 5 copies; lane 5: 10 copies; lane 6:
20 copies; lane 7: 50 copies. (C) Sensitivity study performed using full-genome SARS-CoV-2 at concentrations from 0 to 50 copies/reaction (copies/rxn). All reactions
were repeated three times; error bars are presented in the graph. All absorbances were measured at 575 nm. A: Absorbance in the presence of target; Ay: absorbance
in the absence of target; y-axis: absolute value. Obtained LOD was 1160 copies/ml (as target RNA used 1 pl), determined using the 3o method [LOD = 3 x (SD/S),

where SD is the standard deviation and S is the slope of the plot].
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Fig. 4. (A) PAGE analysis of the PK-probe/Lig-RPA
selectivity test. Lane M: 25/100-bp ladder; lane 1: PK-
probe/Lig-RPA with middle 1 mismatch; lane 2: PK-
probe/Lig-RPA; lane 3: PK-probe/Lig-RPA with 1
mismatch (head/ligation site); lane 4: PK-probe/Lig-
RPA with 2 mismatches (head & middle); lane 5: PK-
probe/Lig-RPA with 3 mismatches (head 1 & middle
2). (B) PAGE analysis of PK-probe/RT-RPA selec-
tivity test with different mismatched reverse primers
during ¢cDNA synthesis. Lane M: 25/100-bp ladder;
lane 1: PK-probe/RT-RPA positive; lane 2: PK-
probe/RT-RPA with 1 mismatch; lane 3: PK-probe/
RT-RPA with 2 mismatches; lane 4: PK-probe/RT-
RPA with 3 mismatches. (C) Colorimetric analysis of
the selectivity test of PK-probe/Lig-RPA Lane 1: PK-
probe/Lig-RPA; lane 2: PK-probe/Lig-RPA with

. middle 1 mismatch; lane 3: PK-probe/Lig-RPA with 1
(E) 0.06 - mismatch (head/ligation site); lane 4: PK-probe/Lig-
] RPA with 2 mismatches (head & middle); lane 5: PK-
0.05 - probe/Lig-RPA with 3 mismatches (head 1 & middle
2). (D) Colorimetric analysis of selectivity test of PK-
3 0.04 | probe/RT-RPA with different mismatched reverse
8 primers during cDNA synthesis. Lane 1: PK-probe/
603 RT-RPA positive; lane 2: PK-probe/RT-RPA with 1
: mismatch; lane 3: PK-probe/RT-RPA with 2 mis-
matches; lane 4: PK-probe/RT-RPA with 3 mis-
0.02 matches. (E) Bar diagram of the selectivity of the PK-
probe/Lig-RPA system operated in the presence of

0.01 | several bacterial genomes.

oo & o * P R P R o
‘dge-"e& e ¢t " o o 60; e""&‘;“’g\

pathogens of respiratory tract infections (S. aureus, S. epidermidis,
E. faecalis, E. feacium, E. coli, K. pneumoniae, E. cloacae, P. aeruginosa, and
A. baumannii). We performed the PK-probe/Lig-RPA reactions with
these nine types of bacterial genomes. Because COVID-19 samples are
typically taken from the mouth and nose, the virus and some of these
bacteria might 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 is imperative for
practical application. These bacteria did not react with the PK-probe/
Lig-RPA system; the absorbance values were almost negative because no
amplification occurred and, therefore, the system could not produce PPi
[Fig. 4(E) and S5,]. The colorimetric detection was consistent with the
absorbance changes, as displayed in the bar diagram. Thus, based on this
selectivity data, our PK-probe/Lig-RPA system displayed stronger
selectivity than the PK-probe/RT-RPA system.

4. Validation with simulated sample of recombinant SARS-CoV-
2

Our spiked SARS Cov-2 RNA included human genome RNA also;
therefore, all our experiments featured this different background nucleic
acid. One limitation of the study is that we had to rely on spiked-in
materials and could not execute the performance of the assay using
clinical SARS-CoV-2-positive samples; nevertheless, we developed an
alternative approach to mimic real sample virus conditions. Here, we
used the inactive recombinant SARS Cov-2 full genome material (fully
extractable with a real viral protein coat) with nasopharyngeal sample
using universal transport media (T-SWAB TRANSPORT Universal
Transport Medium, Noble Biosciences, Hwaseong, Korea), which could
be used for virus culturing, antigen testing, and PCR (by extraction). If
any detection systems worked with this sample, then those systems
would also function with real samples.

With our focus on POCT, we extracted RNA at 25 °C within 10 min by
preparing the 6% formamide with 1X isothermal amplification buffer
that had been described previously by Li et al. [38]. Although they had
performed incubation at 65 °C, our recombinant SARS Cov-2 virus
experiment demonstrated that, when using this extraction buffer, RNA
extraction was possible at any temperature (25 °C, 37 °C, or 65 °C) and
that our PK-probe/Lig-RPA system functioned well in simulated re-
combinant SARS Cov-2 virus experiments (Fig. S6). Accordingly, we
believe that it would also function with real samples and for POCT.

5. Conclusion

We have developed a diagnostic system combining ligation-mediated
recombinase polymerase isothermalamplification (Lig-RPA) and PK-
probe (a PPi sensing colorimetric probe) for the detection of the target
“Ngene” (nucleocapsid) of the SARS-CoV-2 genome. In a comparative
study with other RT-based diagnosissystems (e.g., RT-RPA), our system
displayed better selectivity toward SARS-CoV-2 in the presence of var-
iousbacterial genomes, and it was simpler to perform with a very low
chance of false-positive outcome. Furthermore, this PK-probe/Lig-RPA
system has other attractive features for application in POCT: itsiso-
thermal amplification occurs at room temperature, its diagnostic time is
rapid (30 min), its sensitivity is high 1160 copies/ml, and its colori-
metric detection by the naked eye is robust. Our developed system
functions as a simple, affordable, and useful detection assay for SARS-
CoV-2; we hope that it might also be useful for detecting other viruses
and, thereby, be used in the diagnoses of various diseases.
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