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1 | INTRODUCTION

Arthur Gonse

| KiTae Kim | Sofia Barluenga |

Abstract

The early phase of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic was exacerbated by a diagnostic challenge of unprecedented magnitude. In
the absence of effective therapeutics or vaccines, breaking the chain of transmission
through early disease detection and patient isolation was the only means to control
the growing pandemic. While polymerase chain reaction (PCR)-based methods and
rapid-antigen tests rose to the occasion, the analytical challenge of rapid and
sequence-specific nucleic acid-sensing at a point-of-care or home setting stimulated
intense developments. Herein we report a method that combines recombinase poly-
merase amplification and a DNA-templated reaction to achieve a dual readout with
either fluorescence (microtiter plate) or naked eye (lateral flow assay: LFA) detection.
The nucleic acid templated reaction is based on an SyAr that simultaneously transfers
biotin from one Peptide Nucleic Acid (PNA) strand to another PNA strand, enabling
LFA detection while uncaging a coumarin for fluorescence readout. This methodol-
ogy has been applied to the detection of a DNA or RNA sequence uniquely attrib-
uted to the SARS-CoV-2.
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35).23! The detection step is generally performed by fluorescence
readout™ using either non-specific fluorescent dye that intercalates

Historically, respiratory viral detection has been achieved by analyzing
the presence of viral genomes from nasal or throat swabs.! Nucleic
acid amplification tests (NAAT) are based on an oligonucleotide ampli-
fication step coupled to a detection method. Quantitative real-time
PCR (gPCR) is the gold standard and most frequently used strategy. It
consists of repetitive cycles of heat/cool to melt, anneal and perform
primer extension by polymerase, thus affording an amplification

that is exponentially correlated to the number of cycles (typically 25-

double-stranded DNA (dsDNA) (ethidium bromide!® or SYBR Gold)!¢!
or sequence-specific probes with fluorescent reporters.”®! The
unprecedented scale and propagation speed of the SARS-CoV-2 pan-
demic resulted in a demand for diagnostic tests that far exceeded spe-
cialized facilities' capacity and, turn-around which often exceeded
24 h. In the absence of effective therapeutics or vaccines, breaking
the chain of transmission through early disease detection and patient

isolation is the only means to control an epidemic. Fast and readily
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available testing is critical to curtailing broader community spreading.
The ideal case would be to have a simple and inexpensive technology
compatible with self-testing. The World Health Organization (WHO)
emphasized the importance of developing highly sensitive viral tests
that could be easily performed by non-professional personal.[”1
While this issue was largely resolved in the spring of 2021 with rapid
antigen detection test (RADT),*+12 which are based on the detection of
viral proteins using antibodies in a lateral flow assay (LFA) format, the
SARS-CoV-2 crisis propelled a quest for user-friendly nucleic acid-sensing
technologies that can be performed outside of specialized laboratory set-
tings. This demand can be extrapolated to the emergence of new SARS-
CoV-2 strains and other pathogens. A major limitation of a gPCR assay is
the need for a specialized instrument for thermocycling and fluorescence
detection. For the amplification, alternatives that do not require
thermocycling are well established, namely loop-mediated isothermal
amplification (LAMP)*3-%%! (Figure S1) or recombinase polymerase
amplification (RPA)*¢~'8 (Figure S1). The readout can be a simple
amplicon quantification but preferably incorporates a sequence specificity
component to eliminate false positives arising from amplification of
mishybridized primers. Isothermal amplification can be more promiscuous
than gPCR, increasing the relevance of this latter point. The sequence
specificity can be achieved by targeting the region between the primers
with hybridization probes, CRISPR-Cas with guide RNA, or by nucleic acid
templated reactions (Figure S1). For the detection, while a fluorescent
readout provides sensitive real-time measurements, naked-eye detection
methods are more desirable for point-of-care diagnostics and can be per-
formed with colorimetric changes, LFA, or using inexpensive electronics.

1) and readout with

Different combinations of isothermal amplifications'
naked-eye detection have been reported for SARS-CoV-2, including
LAMP with a colorimetric or fluorescent detection,?°28! RPA with
hybridization probes,”?* LAMP with CRISPR/Cas12,**) RPA with
CRISPR/Cas12a,%4%”) RPA with CRISPR/Cas9a detection™®® and RPA
with templated XNAzyme.®?) In terms of amplification, RPA stands out
for being performed at human body temperature (37 °C) and, therefore,
could be performed without any external instrument by just using the
human corporal heat.*®! Nucleic acid detection by templated chemical
reactions**~**! has been shown to vield high sequence fidelity and be
highly robust, operating within highly complex biological samples.
While the template can act catalytically, affording some signal ampilifi-
cation (10%-10%, the level of amplification is not sufficient for the
detection threshold required for SARS-CoV-2 infection screen (several
copies/pL).[‘“S] We reasoned that coupling RPA with a templated reac-
tion might yield a robust solution, providing high amplification at iso-
thermal conditions with high-sequence specificity from the templated
reaction. For detection, LFA remains a method of choice for its quick,
easily adaptable, and user-friendly characteristics.*”4¢! The simplicity
of the assay and the naked eye readout makes it amenable to end-
users without specialized equipment. However, it only provides an
end-point measurement which can be cumbersome in the assay opti-
mization phase, and it is laborious to multiplex. We reasoned that ide-
ally, the assay should have a dual readout with a fluorescence signal
that can be monitored in real-time and easily multiplexed in a plate

reader in a lab, as well as an LFA readout for home / field use. Inspired

by the work of Abe and co-workers using a nucleophilic aromatic sub-
stitution (SNAr) reaction, involving a thiol nucleophile and a nitroaryl

sulfonyl-caged aminocoumarin,*”!

we asked if the nitroaryl could be
further functionalized with biotin to achieve a dual-read out (Figure 1).
We selected PNAPY for the probes based on their high sequence
fidelity of hybridization, in particular using gamma-modified PNA,U
coupled to their metabolic stability and overall robustness.®? Notably,
high-single nucleotide polymorphism (SNP) resolution had been dem-
onstrated with PNA-based templated reaction in conjunction with
PCR.5354 |FA detection had already been demonstrate with PNA-
templated reactions for the detection of miRNAP>>%! put the reported
technology used a ligation reaction affording a product with higher
affinity to the template, resulting in product inhibition. Herein we
report the detection of single-stranded DNA (ssDNA) via single-strand
RPA amplification (RPA amplification + exonuclease degradation)
coupled to the proposed DNA-templated nucleophilic aromatic substi-
tution (SnAr) reaction, which transfers the biotin-functionalized aryl
moiety from one PNA to the other without a ligation (Figure 1). The
use of an LFA detectable label (Fluorescein Isothiocyanate: FITC) on
the latter strand enables the detection of the reaction output by LFA.
The SNAr reaction also unmasks the fluorescence of the amino-
coumarin, enabling real-time monitoring of the reaction progress.
Finally, we demonstrate that the procedure can be combined with a

reverse transcriptase (RT) to analyze RNA.

2 | MATERIALS AND METHODS

2.1 | Synthesis of PNA probes

PNA probes were synthesized by Solid Phase Peptide Synthesis (SPPS) on
an Intavis AG Multipep RS instrument.>”>8 Briefly, to 5.0 mg of Nova
PEG Rink amide resin (0.44 mmol/g, NovaBiochem), iterative cycles of
amide coupling (5.0 equivalents monomer, 4.0 equivalents 1-[Bis(dimeth-
ylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluo-
rophosphate (HATU), 5.0 equivalents N, N-Diisopropylethylamine (DIPEA)
and 7.5 equivalents 2,6-lutidine), capping of the resin, and deprotection
were done. Serine modified PNA monomers at the y position (A*, C*, G*,
T*) were intercalated with unmodified achiral monomers (A, C, G, T). These
Serine modifications at the y position confer helicity to the PNA, enhanc-
ing its affinity and specificity while increasing its solubility. Finally, PNA
probes were deprotected and cleaved from the resin with a mixture of
TFA and scavengers (440 uL of TFA + 25 mg phenol +25 pL water
+10 pL triisopropylsilane) for 2 h, precipitated in cold ether and puri-
fied by High-performance liquid chromatography (HPLC). The purity
was assessed either by Matrix-assisted laser desorption/ionization
(MALDI) or Liquid chromatography-mass spectrometry (LC-MS).

For PNA probes bearing a nucleophile and without fluorescein
(HX-PNA), the synthesis was done by first coupling Fmoc-DAP(Mtt)-
OH on the C’' terminus followed by Mtt deprotection of the side
chain, eight couplings of PNA monomer, acetylation of the free NH,
on the last PNA monomer, Fmoc deprotection of the L-2,3-diamino

propionic acid (DAP), and finally coupling a polyethylene glycol (PEG)
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spacer followed by coupling of the desired nucleophile (either
the 4-Methyltrityl (Mtt) protected 4-mercaptobenzoic acid or 4,4'-
[Diselenobis(methylene)]bis[benzoic acid]).

For the synthesis of the PNA probes containing fluorescein and
nucleophile (HX-PNA-FITC), the same procedure was followed with
the exception that the Mtt protecting group on the last PNA monomer
was kept. After having coupled the nucleophile, the Mtt on the PNA
was deprotected, and an Fmoc-Lys(Mtt)-OH was coupled at the N’
terminus. Finally, the Fmoc of the lysine was deprotected followed by
acetylation of the free amine, and the Mtt was also deprotected
followed by an FITC coupling. Fluorescein isothiocyanate (FITC) was
coupled on the side chain of a lysine to avoid Edman degradation.

For the PNA probes containing Coumarin-Biotin (Cou-Biotin)
(PNA-Cou-Biotin), the synthesis of the 8nb PNA was followed by
the coupling of an Fmoc-Lys(N3)-OH at the N’ terminus of the

:Nu/\FITC

FITC o

32N NH-Biotin
YL \: N\
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+ Biotin-Nu/\FITC
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Lateral flow assay

Dual-readout DNA detection. DNA detection by single-strand RPA + templated reaction with fluorescence and LFA dual-readout

sequence. After Fmoc deprotection and acetylation of the free
amine, the PNA sequence was cleaved and deprotected. The PNA
probe carrying an azide was then reacted with the Cou-Biotin
(S9) compound bearing an alkyne through a copper(l)-catalyzed
azide-alkyne cycloaddition (CuAAC). Briefly, to a mixture of 1.4 mL
of water and 200 uL of DMSO were added 160 pL of CuSO,4
45 mM (7.2 mmol, 12.5 equiv.), 160 pL of tris([1-hydroxy-propyl-
1H-1,2,3-triazol-4-yl]methyl)amine (THPTA) 90 mM (14.4 mmol,
25 equiv.), 160 pL of sodium Ascorbate (NaAsc) 20 mM (14.4 mmol,
25 equiv.), 100 pL of the alkyne component at 20 mM (1.7 mmol,
3 equiv.) and 100 uL of the azide partner at 5mM (0.6 mmol,
1 equiv.). The reaction was stirred for 2 h at room temperature, and
the desired product was purified by HPLC.

The PNA probes used in the templated reactions (written from C’

to N’) with their expected and measured mass (m/z, either by LC-MS
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FIGURE 2 Templated reaction optimization. (a) SNAr reaction mechanism between PNA*-Cou-Biotin and HS-PNAX. (b) DNA template region,
PNA probes and kinetics of templated reaction for the three different designs (a-c) targeting three different regions of the DNA template. The
two different probes for each design are shown with the PNA sequence in bold. Kinetics of the templated reaction are shown in dark color for
templated reaction (200 nM PNA*-Cou-Biotin +400 nM HS-PNAX + 300 nM 38nb DNA) and light color for background reaction (200 nM
PNA*-Cou-Biotin +400 nM HS-PNAX). Each data point is the mean value of three replicates represented as a dot with the corresponding SD as
an error bar
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FIGURE 3 Accelerating the templated reaction. (a) Pseudo-first order kinetics analysis of the bimolecular reaction using different
nucleophiles. Reaction fluorescence intensities measured over time using as a nucleophile N-Boc-cysteine in red, 4-mercaptobenzoic acid (MBA)
in black, N-Boc selenocysteine in green or selenophenol (SePhe) in purple (1 pM PNAC-Cou-Biotin and 500 uM of the corresponding nucleophile
in PBSt 4-2 mM TCEP). The reactions were monitored by excitation at 355 nm and emission at 450 nm. The data were analyzed by linear
regression as a pseudo first-order kinetics ((In[AMCAJ)/t). (b) Pseudo first-order rate constants of PNA-Cou-Biotin with different nucleophiles
measured in panel A. (c) DNA-templated reaction with HSe-PNA® probe. Reaction conversion of the templated reaction with 400 nM of
HSe-PNAC probe, 200 nM PNA®-Cou-Biotin, 300 nM template DNA, 2 mM TCEP in PBSt buffer. Each data point is the mean value of three
replicates, represented as a dot with the corresponding SD as an error bar
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FIGURE 4 DNA-templated reaction with different equivalents of template. (a) Graphical scheme of the lateral flow assay (LFA). (b) Lateral flow
assay (LFA) of the templated reaction with different concentrations of DNA template. PNA®-Cou-Biotin and HSe-PNAS-FITC both at 50 nM and
different concentrations of template DNA, in PBSt +2 mM TCEP for 90 min. (c) Signal quantification of the test band in the different LFAs in panel B

or MALDI) are: PNA”-Cou-Biotin (T*AC*GG*TG*T-Lys(Cou-Biotin)-Ac)
Expected: 3314.2 Found: 3314.3, HS-PNA* (DAP[PEG-SH]-GA*
CG*AA*TA*-Ac) Expected: 2748.1 Found: 27484, PNAB-Cou-
Biotin (T*TG*AC*GA*A-Lys(Cou-Biotin)-Ac) Expected: 3307.2 Found:
3307.0, HS-PNAB (DAP[PEG-SH]-AC*GA*TT*AT*-Ac) Expected:
27141 Found: 2713.9, PNAS-Cou-Biotin (G*TC*CT*CT*A-Lys
(Cou-Biotin)-Ac) Expected: 3234.2 Found: 3234.0, HS-PNAC (DAP
[PEG-SH]-GG*TG*TT*GA*-Ac) Expected: 2786.1 Found: 2785.7,
HSe-PNAC (DAP[PEG-SeH]-GG*TG*TT*GA*-Ac) Expected: 2806.0
Found: 2806.1, HSe-PNAC-FITC (DAP(PEG-SeH)-GG*TG*TT*GA*-Lys
(FITC)-Ac) Expected: 3407.2 Found: 3407.0.

2.2 | DNA templated reaction optimization

Templated reactions were carried out in a 96 well plate in a final volume
of 200 pL at pH 7.4. The reactions were performed by sequentially adding
8 uL of 50 mM tris(2-carboxyethyl)phosphine (TCEP), Nu-PNA, 38nb
DNA template, and PNA-Cou-Biotin at the desired concentrations. The
reactions were performed at 37 °C, and the fluorescence intensity was
monitored with a plate reader with the following conditions: excitation,
355 nm, emission, 450 nm. The conversion within a given templated reac-
tion was calculated by comparing the fluorescence level to the starting
fluorescence values and the maximum fluorescence intensity achieved
after adding an excess of Nu-PNA, DNA template, and TCEP (to push the
templated reaction to 100% conversion). SNAr reaction of PNA-Cou-
Biotin with excess nucleophile was shown to proceed to completion by

LC-MS analysis (Supplementary information 6). A shorter version of the
135nb DNA (used for RPA amplification) which does not contain the
primer regions (38nb DNA template - 5'-CCTCATCAGGAGATGCCAC
AACTGCTTATGCTAATAGT-3'), was used as the template in reaction
optimization.

2.3 | RPA 4 Lambda exonuclease degradation
Following the general procedure of the RPA TwistAmp Basic kit
(TwistDx: TABASO3KIT), RPA was carried out in a PCR tube in a final
volume of 51.5 pL and 500 nM of primers. The amplification was initi-
ated as follows: 29.5 uL of primer-free rehydration buffer were mixed
with 5 pL of water, 5 pL of 10 uM Cy3 labeled forward primer
(5'-Cy3-GTGGCGGTTCACTATATGTTAAACCAGGTGGAA-3) and
5.0 pL of 10 uM phosphorylated reverse primer (5P-ATTGGCCGT
GACAGCTTGACAAATGTTAAAAAC-3'). This solution was transferred
to a TwistAmp Basic reaction kit followed by adding 1.0 pL of analyte
solution (DNA template at 2fM - 10% copies DNA/uL) and 5 uL of
Mg(OAc), 280 mM. The reaction was incubated at 39 °C for 15 min
and heated at 95 °C for 10 min. The RPA product was then cen-
trifuged for 5 min at 14 k rpm, and the supernatant was mixed with
5.0 pL of 10x Lambda exonuclease buffer and 1.0 pL of Lambda exo-
nuclease (Bioconcept, M0262S). The reaction was incubated at 37 °C
for 40 min. For reactions shown in Figure 5, the formation of the
desired DNA was followed by gel analysis with 18% Native PAGE. The
DNA was visualized by SYBR Gold Nucleic acid staining.
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reaction + LFA” with and without 20 copies/pL of DNA template. E) Quantification of the sample band on the LFA in panel D

The 135nb DNA template used for RPA amplification corresponds
to the nucleotides 15 418-15554 of the SARS-CoV-2 genome
(135nb DNA template, 5'-GCTCAAGTATTGAGTGAAATGGTCATGTG
TGGCGGTTCACTATATGTTAAACCAGGTGGAA CCTCATCAG
GAGATGCCACAACTGCTTATGCTAATAGTGTTTTTAACATTTGTCA-
AGCTGTCACGGCCAATGTT-3'). The designed primer set amplifies
the following 105nb DNA sequence (5-GTGGCGGTTCACTATATGT
TAAACCAGGTGGAACCTCATCAGGAGATGCCACAACTGCTTATGC-
TAATAGTGTTTTTAACATTTGTCAAGCTGTCACGGCCAATG-3'). All
DNA sequences were purchased from Eurogentec. For RT-RPA, the
same procedure was used starting with a RNA analyte (Wuhan coro-
navirus 2019 RdRP gene control obtained from Charité/EVAg) with
1 uL of RevertAid Reverse Transcriptase (Thermo Fisher Scientific,
Ref:EP0441), 1 pL of Recombinant RNasin Ribonuclease Inhibitor
(Promega, Ref: N251A) and 1 pL of PCR Nucleotide Mix (Promega,
Ref:C114G) and the RT-RPA reaction was carried out for a total of
30 min.

2.4 | Detection of amplified DNA sequence

The ssDNA obtained after lambda exonuclease dsDNA degradation
(40 pL) was diluted with 155 pL of PBSt together with 8 puL of TCEP
50 mM, 2 uL of PNAS-Cou-Biotin (5 uM) and 2 uL of HSe-PNA®-
FITC (5 pM). The reaction was incubated for 40 min at room tem-
perature, and 20 pL of reaction were diluted into 80 pL of LFA
buffer before adding the LFA strip (Milenia GenLine HybriDetect
Ref:MGHD 1).

3 | RESULTS AND DISCUSSION

Based on the initial indications by the WHO,*?! the 135nb DNA
sequence corresponding to nucleotides 15 418-15 554 of the SARS-
CoV-2 genome (NCBI Reference sequence: MN908947.3) was
selected for amplification. Two primers of 33 nucleotides were used
to amplify the DNA sequence, leaving a 38nb gap between the primer
sites suitable for templated reaction with the amplicon. The choice of
the length of the two PNA probes for templated reaction is crucial
since there is a tradeoff between sensitivity (detection threshold) and
specificity (single nucleotide discrimination) as well as turnover.
Longer probes afford stable hybridization complex at lower concen-
tration, but the penalty of a single mismatch is less severe and the
turnover of probes on the template is slower. Based on our previous
work showing a similar kinetics for the templated reaction between
two 7nb and two 9nb PNAs at low nM concentration,[60'61] an 8nb
PNA was chosen for the DNA templated reaction.

As shown in Figure 2, we designed probes targeting three different
regions of the template, mindful that the reaction kinetics can be
affected by unforeseen folding or cross-hybridization. The reactions
proceeded with a strong increase in fluorescence as previously reported
and consistent with the change of electronic donation of the amino
group of the coumarin following SyAr (Figure 2A).14962 While the pro-
bes corresponding to region A gave high background in the absence of
the DNA template, probes corresponding to regions B and C afforded
clean templated reaction without measurable background reaction at
200 nM concentration (Figure 2B). Templated reaction with the

probes from region C showed a t;,, of 42 min (k,p, 0.28 x 1073571,



FARRERA-SOLER ET AL.

Bio _WILEY_L_7°**

assuming a pseudo-first-order reaction) and was selected for further
experiments.

Abe and co-worker had clearly shown that the substitution on
the aryl sulfonamide had a strong impact on the kinetics of the reac-
tion with a 24-dinitrosulfonamide reacting five times faster than
2-cyano-4-nitrosulfonamide.[*”! Based on the substitution pattern of
the aryl sulfonamide used in the present study, we anticipated and
observed a slower reaction than had been reported by Abe et al.
However, we reasoned that some reactivity could be regained by
using selenol nucleophiles.[55] Changing from a thiol to a selenol not
only benefit from a higher HOMO but also from higher acidity, which
means a higher proportion of the nucleophile in the deprotonated
state at neutral pH. To test this benefit, the pseudo-first-order rate
constant between the PNAS-Cou-Biotin probe and four nucleophiles
(Boc-cysteine, 4-mercaptobenzoic acid, Boc-selenocysteine, and
selenophenol) was determined (Figure 3). While Boc-cysteine showed
no measurable reaction under the reaction condition, Boc-
selenocysteine reacted with a pseudo-first-order rate constant of
0.11 x 1073 s, five times faster than 4-mercaptobenzoic acid. The
fastest reaction was observed with selenophenol (0.28 x 103 s7Y
reacting over ten times faster than 4-mercaptobenzoic acid (Figure 3a,
b). Based on these results, a PNA probe was prepared with
selenophenol (HSe-PNAS) and tested in templated reaction. Gratify-
ingly, the probe afforded a 4-fold rate acceleration in the templated
reaction (t;/, of 11 min and k,p, 1.05 x 1072 s~ assuming a pseudo-
first order reaction) (Figure 3c) compared to the corresponding
thiophenol PNA (HS-PNAC).

We next turned our attention to the detection by LFA using com-
mercially available strips with a biotin capture band and gold
nanoparticle-labeled-anti-fluorescein antibody (Figure 4A). The fluo-
rescence and LFA readouts afforded a good correlation of the DNA-
templated ligation (Figure S2). After optimizing the DNA-templated
reaction using fluorescence readout, we next focused on using LFA
for POC diagnostic. We tested the response as a function of template
loading and quantified the results with ImageJ.["’s] As shown in
Figure 4b, c, the templated reaction yields a detectable signal down to
0.005 equivalents of DNA template (250 pM) relative to PNA probes
(50 nM). Templated reactions that do not ligate the two PNA frag-
ments after reaction allow for signal amplification, when PNA lengths
are short enough to allow dynamic exchange on the template. As can
be seen from the LFA detection, there is not a linear decrease in signal
between 1 equivalent of template and 0.1 equivalent of template,
suggesting that the output of the reaction has benefited from tem-
plate turnover. Moreover, the reaction with 5 equivalents of template
should give low yield if the probe hybridization is not dynamic since
probes would be hybridized on the same template on only a fraction
of the template, yet the output is ca. 50% of the output measure with
1 equivalent of template. These results confirm that the reaction
affords a detectable signal in the window of concentration expected
with an RPA amplification (500 nM of primers, 5-fold diluted for the
templated reaction).

The results shown thus far were done using a ssDNA template,
but the RPA affords double-strand amplicon, and the short PNA

probes are unlikely to invade the dsDNA amplicon with meaningful
yield. Preliminary experiments adding the PNA probes directly to the
RPA reaction did not yield encouraging results. We first explored
asymmetric amplification using an excess of one of the two primers.
However, asymmetric RPA led to an undesired amplification product
that ran between the expected ssDNA and dsDNA in a native-
polyacrylamide gel electrophoresis (native-PAGE) and was incompe-
tent in the templated reaction. We explored the selective degradation
of a single strand in the duplex. Lambda exonuclease had previously
been used with RPA to convert dsDNA amplicon to ssDNA.33
Lambda exonuclease degrades preferentially 5’ phosphorylated DNA
strands, and its activity is blocked by 5’ modification, such as Cy3.
Thus, RPA was performed with a 5'-Cy3-labeled forward primer which
blocks degradation of the templated strand and 5’-PQO,4 functionalized
reverse primer (Figure 5a). As shown in Figure 5b, treatment of the
crude RPA mixture (lane 1) with exonuclease led to the desired 105nb
ssDNA with full conversion (lane 2). Control experiments performing
the RPA without DNA template and subsequent digestion did not lead
to any amplification (lanes 3-4). It is well established that RPA has the
capacity to yield amplicon from few copies of template (1-30 cop-
ies).2731.82341 We confirmed that in the assay conditions (RPA,
15 min), amplicon was observed and yielded a detectable positive
band on the LFA strip at 20 copies of analyte/pL) (Figure 5c-¢e). More-
over, this methodology allows the detection of viral RNA by adding
reverse transcriptase into the RPA mixture (RT-RPA) (Figure S3).

4 | CONCLUSIONS

In summary, we have developed a nucleic acid-sensing system that
combines the power of RPA amplification with the robustness and
fidelity of DNA-templated reaction to provide a dual detection with
real-time fluorescence monitoring or LFA for end-point measurement
for end-user. The templated reaction uses an SyAr, adapted from the
work of Abe and coworkers, to achieve a transfer of biotin from one
PNA strand to another, thus enabling the LFA detection with con-
comitant unmasking of the coumarin fluorescence. We showed that
using selenophenol as the nucleophile in the SyAr led to a dramati-
cally faster reaction than thiophenol or even selenocysteine. Imple-
mentation of this nucleophile in the templated reaction affords a

~1 with a reaction half-life of

pseudo-first-order rate of 1.05 x 103 s
11 min. To capitalize on the RPA, the dsDNA amplicon had to be
converted to ssDNA template, which was efficiently achieved with
an exonuclease, provided the RPA is performed with a 5 protected
forward primer (such as Cy3 labeled) and 5 phosphorylated reverse
primer. Combining the power of an RPA amplification with a DNA-
templated reaction for the read-out enables the detection down to
20 copies of analyte/pL (2 zmol of analyte) of the diagnostic SARS-
CoV-2 DNA sequence and should be applicable to other viruses.
These developments contribute a new combination of amplification
and detection that is amenable to next-generation POC diagnostics.
A number of RPA-based formats have been reported for SARS-
CoV-2 detection with RPA ranging from 15 to 30 min and detection
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of the amplicon extending to 120 min (Table S1 for detailed time
analysis and detection method).[2?:31333436-3%1 A sjde-by-side com-
parison of the different techniques is challenging because each
approach has unique advantages and limitations and the length of
the RPA step are not identical leading to different levels of amplifica-
tion. The present assay utilizes a 15 min RPA amplification followed
by a 40 min exonuclease step and 40 min templated reaction step.
The total assay time might be further compressed by optimizing the
exonuclease step and combining this step with the templated chemis-
try. Moreover, the future development of microfluidic cartridges

should enable a more streamlined process.
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