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Introduction

Human respiratory viruses account for a total of 17.2 billion

A Fokl-driven signal amplification platform for the
simultaneous detection of multiple viral RNA
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Accurate signal quantification is a critical parameter for precise pathogen diagnosis. Furthermore, the
development of novel diagnostic methods amenable for portable or scalable purposes may facilitate the real-
time surveillance of emerging pathogenic threats. Here, we extrapolated the use of a Fokl-driven signal
amplification approach, powered by the nickase activity of the Fokl restriction endonuclease, to enhance the
signal detection of multiple respiratory viral pathogens relevant to human health. This approach utilises a set
of dumbbell-like fluorescent oligonucleotides against three families of human single-stranded RNA respiratory
viruses (Coronaviridae, Paramyxoviridae, and Pneumoviridae), including human betacoronaviruses (OC43/
HKU1), human betacoronavirus SARS-CoV-2, human parainfluenza viruses (HPIV1/HPIV3/HPIV2/HPIV4), and
human metapneumovirus (HMPV)/respiratory syncytial virus (HRSV). Fokl-assisted digestion of these
dumbbell-like fluorescent probes in the presence of their respective viral targets enhanced their detectable
signal in a highly specific manner. In addition, this technique exhibited high multiplex potential to detect
multiple viral targets in a single assay. A molecular coupling between the Fokl-assisted reaction and the
isothermal rolling circle amplification technique significantly improved the limit of detection in samples from
infected patients, ensuring adequate specificity and sensitivity. These results highlight the diagnostic potential
of this methodology, representing a cost-effective alternative for the identification of respiratory viral
pathogens of interest to the public healthcare system.

influenza, coronavirus, parainfluenza, and pneumovirus, also
significantly impact healthcare resource utilisation, leading to
a financial burden on society.>”” In particular, infections

cases of upper tract infections per year (ref. 1) and pose a
serious threat to national healthcare systems worldwide. The
recent pandemic caused by the severe acute respiratory
syndrome coronavirus (SARS-CoV-2) has highlighted the
potential threats associated with these respiratory viruses,>
but other viral infectious agents, including rhinovirus,
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caused by viruses associated with the Coronaviridae family,
such as OC43 and HKU1, which are single-stranded, positive-
sense RNA viruses (ssRNA+), have been linked to the
downregulation of relevant genes involved in the innate
immune response, contributing to 15-30% of cases of
common colds in adults.® On the other hand, members of the
Paramyxoviridae family, including human respiroviruses
(HPIV1/HPIV3) and rubulaviruses (HPIV2/HPIV4), are
negative-sense ssRNA viruses principally involved in acute
lower respiratory infections (ALRI) in childhood.” The
estimated incidence of parainfluenza infections is
approximately 13% of all ALRI cases, with a significant
burden of parainfluenza in ALRI morbidity and mortality
among young children.'® Members of the Pneumoviridae
family, which encompasses the negative-sense ssRNA viruses
human metapneumovirus (HMPV) and syncytial respiratory
virus (HRSV), are also major contributors to respiratory
infections in infants.'™'* Since severe and life-threatening
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lower respiratory infections can occur in elderly individuals,
infants, and immunocompromised patients following
infection with any of these aforementioned viral pathogens,
early detection of these infectious agents and their accurate
interpretation at the epidemiological level, are crucial steps to
combat their adverse effects on global public health.

The quantitative real-time reverse transcription polymerase
reaction (RT-PCR) technique stands as a gold standard in
microbiology laboratories."”> However, while this technology
excels in terms of specificity and sensitivity, its reliance on
specialised equipment calls for alternative approaches that can
be scaled up to enable real-time surveillance of specific
diseases, as has been proposed in recent years.'"*'® Among
them, nucleic acid amplification techniques (NAAT) based on

loop-mediated isothermal amplification (LAMP),"®"”
recombinase polymerase amplification (RPA),"*'® or their
combination with CRISPR/Cas systems*>*' have been

successfully used to diagnose COVID-19 patients during the
recent SARS-CoV-2 pandemic. In addition, other isothermal
amplification approaches, such as rolling circle amplification
(RCA)** or multiple displacement amplification (MDA),>* show
promise for detecting viral targets in the absence of additional
reverse transcription steps. In this vein, we have recently
developed a method that combines a signal amplification
strategy mediated by the action of the FokI restriction
endonuclease coupled to RCA technology, enhancing the
detection of SARS-CoV-2 in COVID-19 patients.”* The present
work further expands the catalogue of potential human
respiratory virus targets and focuses on the development of a
multiplex assay for the rapid and accurate detection of various
viral families, including Coronaviridae (OC43/HKU1 and SARS-
CoV-2), Paramyxoviridae (HPIV1, HPIV3, HPIV2 and HPIV4) and
Pneumoviridae (HMPV, HRSV).

Experimental section
Design of synthetic oligonucleotides

The FASTA sequences corresponding to multiple human
respiratory viruses (HKU1, OC43, 229E, NL63, SARS-CoV-2,
HPIV1, HPIV3, HPIV2, HPIV4, HMPV and HRSV) were
retrieved from NCBI (accession numbers NC_006577.2,

NC_006213.1, NC_002645.1, NC_005831.2, NC_045512.2,
NC_003461.1, NC_001796.2, NC_003443.1, NC_021928.1,
NC_039199.1 and NC_001781.1 respectively). Multiple

sequence alignment (MSA) was conducted using the Clustal
Omega software,” and the visualization of the MSA was
performed using the Jalview software.”® For the design of
fluorescent dumbbell-like oligonucleotides targeting these
viral entities, specific or shared target regions across multiple
viruses were selected. In addition, these oligonucleotides
contained a FokI restriction site within their duplex sequence
and were characterized to include a 6 bp stem structure in
the dumbbell-like oligonucleotide, preventing self-cleavage by
Fokl before the hybridisation step. A total of four custom
dumbbell-like oligonucleotides were designed targeting the
human betacoronaviruses OC43 and HKU1 (001), SARS-CoV-
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2 (005), human parainfluenza viruses (HPIV1, HPIV3, HPIV2
and HPIV4, 009) and human pneumoviruses (HMPV and
HRSV, 013). These sequences encompassed a common
hairpin region containing a unique FoKI restriction site and
were labelled with a 6-FAM fluorophore at their 5’ end and
BHQ-1 quencher at their 3’ end, respectively. In addition, for
multiplex purposes, another dumbbell-like oligonucleotide
targeting human pneumoviruses (017) was labelled with a
HEX fluorophore and BHQ-1 quencher at their 5’ and 3’ ends,
respectively. Padlock probes (004, 008, 012, O16) were
designed to optimize hybridisation with their viral targets
while avoiding internal secondary structures, and these
probes included a phosphate group at their 5’ end for
subsequent ligation purposes. The structures of dumbbell-
like oligonucleotides and padlock probes were confirmed in
silico using the RNAstructure software.”” Short synthetic
RNAs and DNAs corresponding to the aforementioned viral
targets (30 nt length) were used to establish the single or
multiplex FoklI-assisted signal amplification conditions. All
oligonucleotides used in this study were synthetized by
Metabion (Germany) and are listed in Table S1.}

Fokl-assisted signal amplification assays

All experiments were conducted at 37 °C in a final reaction
volume of 20 pl. Conventional hybridisation assays were
performed using 2 pl of NEB 10x Cutsmart buffer (NEB
#B7204), 100 nM of fluorescent dumbbell-like oligonucleotides
targeting different viral targets, and decreasing concentrations
of either target DNA, target RNA (5 nM, 1 nM, 500 pM, 100 pM,
50pM, 0 M) or control DNA/RNA (5 nM) for each respective
reaction. In addition to the conventional hybridisation protocol,
FoklI-assisted signal amplification assays were performed by
supplementing the reaction with 5 units of Fokl RE (NEB,
#R0109S). Fluorescence intensity measurements for these
experiments were recorded using a StepOnePlus™ real-time
PCR system (Applied Biosystems). The excitation and emission
wavelengths (488 nm and 520 nm, respectively) were set to
detect the FAM channel, and the reactions were monitored for
60 cycles (each cycle 1 min at 37 °C). For the multiplexed
reactions, a similar experimental setup was adopted. However,
these reactions simultaneously included 100 nM of fluorescent
dumbbell-like oligonucleotides (005 and O17) targeting SARS-
CoV-2 and pneumovirus, labelled with FAM and HEX
fluorophores, respectively. The excitation and emission
wavelengths were configured to simultaneously detect FAM and
VIC channels (488 nm excitation, 520 nm emission, and 529
nm excitation, 549 nm emission, respectively). It is noted that
the HEX dye has a similar excitation/emission spectrum to the
VIC dye.

Molecular coupling between FoklI-assisted signal
amplification and RCA

The hybridisation of padlock probes with their corresponding
synthetic RNA molecules and the subsequent padlock probe
circularization step were conducted in a reaction volume of 8
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ul. The concentrations of the reaction components were as
follows: 0.8 ul of NEB 10x SplintR ligase reaction buffer, 5
units of SplintR ligase (NEB, #M0375S), 10 nM of padlock
probe oligonucleotides and variable amounts of each target
RNA molecule (10 fmol, 1 fmol, 100 amol, 10 amol, 1 amol,
100 zmol or 0 mol), with the exception of the control RNA
condition, which was consistently assayed at 10 fmol. This
reaction mixture was incubated for 5 min at room
temperature, and then 12 pl of the RCA premix was added to
the resulting reaction. The concentrations and amounts of
the RCA premix components were: 2 pl of NEB 10x Cutsmart
buffer, 500 uM dATP, dGTP, dCTP and dTTP (Promega,
#U1240), 40 nM of the universal rolling circle primer (020),
0.01 units of pyrophosphatase inorganic from E. coli (NEB,
#MO0361S), 0.5 pl of QualiPhi DNA polymerase (4Basebio,
#510100), 100 nM of 5' FAM and 3' BHQ-1 labelled dumbbell-
like oligonucleotides, and 5 units of FokI RE, resulting in a
final reaction volume of 20 pl. Fluorescence intensity in the
FAM channel was recorded over 60 cycles (each cycle 1 min at
37 °C) using a StepOnePlus™ real-time PCR system, as
previously indicated. A similar set of experiments was
conducted for multiplexed reactions, where both padlock
probes (008 and 016, 10 nM each) and both fluorescent
dumbbell-like oligonucleotides (005 and O17, 100 nM each)
targeting SARS-CoV-2 and pneumovirus were simultaneously
incorporated. The excitation and emission wavelengths were
configured to detect FAM and VIC channels simultaneously,
as previously indicated. An additional 3-step multiplex
reaction simultaneously incorporating all padlock probes
(004, 008, 012 and 016, 10 nM each) and each of the
fluorescent dumbbell-like oligonucleotides (100 nM) was
performed in the context of the FAM channel to evaluate the
specific detection of a given viral target. For all experiments,
fluorescence measurements were recorded wusing a
StepOnePlus™ real-time PCR system.

Sample collection and viral detection in human samples

A total of 20 nasopharyngeal swab samples were collected from
patients infected by multiple coronavirus or pneumovirus
species at the Hospital Universitario Central de Asturias
(HUCA). All experiments were conducted in accordance with the
Declaration of Helsinki, as revised in 2013, and with the
approval of the research ethics committee of the Principality of
Asturias (ref 2020.309). Informed consents were not required, as
Organic Law 3/2018, of 5 December (Seventeenth Additional
Provision, 2b), on Data Protection and Guarantee of Digital
Rights provides, in relation to the processing of health data,
that health authorities and public institutions with public
health control responsibilities may conduct scientific research
without the consent of the data subject in situations of
exceptional relevance and seriousness for public health, such as
actions arising from the COVID19 pandemic. RNA isolation was
carried out using a MagNA pure 96 system (Roche Diagnostics)
following the manufacturer's recommendations. Initial
diagnosis was established by personnel at the virology unit at
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HUCA. An additional viral detection assay was performed using
a coupled RCA - Fokl-assisted signal amplification method, as
previously described in the previous section, with slight
modifications: 5 pl of purified RNA was incubated in the
presence of a cocktail of padlock probes targeting betacorona,
SARS-CoV-2, parainfluenza, or pneumoviruses (004, 008, 012,
and 016, 10 nM each) during the padlock circularization step,
as previously detailed. Subsequently, 12 pl of the RCA premix
was added to the reaction, excluding FoklI and the dumbbell-
like oligonucleotides. This reaction was incubated for up to 60
minutes, and the resultant reaction was divided into 4 equal
samples. Each sample was assayed for 60 minutes with FokI,
along with a specific 5 FAM and 3' BHQ-1 labelled dumbbell-
like oligonucleotide targeting either betacorona, SARS-CoV-2,
parainfluenza, or pneumovirus.

To account for potential RNA degradation over time, an
additional virus detection step was conducted using an in-
house real-time (RT)-PCR approach. Viral genomes were
amplified using Superscript III (Invitrogen, #12574026),
random primers and oligodT as per the manufacturer's
recommendations. SYBR green RT-qPCR detection was
performed using primers targeting betacoronaviruses HKU1
or 0C43,”® SARS-CoV-2 specific primers,> and a primer pair
designed against a comprehensive dataset of human
pneumovirus.*® This involved the use of a 2x SYBRgreen
mastermix (Applied Biosystems, #A25742), 400 nM forward
and reverse primers, and 1 pl of RT product from the
previous step. Amplifications and data analysis were carried
out using a StepOnePlus™ real-time PCR system under the
following conditions: hot start at 95 °C for 10 min, followed
by 45 cycles at 95 °C for 30 s and 60 °C for 1 min. Cycle
thresholds were inferred using a threshold line of 0.1 for all
conditions analysed.

Data normalization and statistical analyses

For all experiments involving FokI-assisted signal amplification,
multicomponent raw data were downloaded from the
instrument and wused for downstream analyses. Signal
intensities for the different conditions were normalized firstly
to their corresponding background signal at time 0 (intra-
sample normalization), and subsequently to the signal of the
non-template control (inter-sample normalization), and this
normalization was executed through an iterative subtraction in
each cycle, following the methodology described by Tejedor and
colleagues.>® The limit of detection (LOD) for each reaction was
calculated as LOD = 3.3S)/slope, where S, represents the
standard error of the predicted y-value for each x in the
regression and slope represents the slope value (a) of the
calibration plot y = ax + b.

Multiplex detection in the context of patient's samples was
conducted similarly. However, for each patient, a z-score was
computed for each independent dumbbell-like fluorescent
oligonucleotide targeting a specific virus at 60 min timepoint.
This calculation took in consideration the information observed
for the remaining signals. The maximum z-score was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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considered after the normalization procedure, and a sample
was classified as positive if the z-score exceeded 1.2. Sensitivities
and specificities were calculated using the R Bioconductor
package caret (6.0-90), considering the predictions derived from
the Fokl-assisted signal amplification protocol, and the
observations validated using the PCR approach, which served as
the gold standard. Data representation and subsequent
statistical analyses were carried out using the R programming
language (v.4.0.3).

Results

A FoklI-assisted digestion platform for enhanced detection of
SSRNA viruses

Recent studies have demonstrated the potential of FokI-assisted
digestion of fluorescent dumbbell-like oligonucleotides in
enhancing the detection of nucleic acid targets,**" particularly
in the context of SARS-CoV-2 infection.>* This working principle
relies on a FoklI-assisted reaction (Fig. 1A) using a combination
of fluorescent dye and quencher molecules at the 5" and 3’ ends
of the dumbbell-like structure [A]l. In the absence of any
complementary target molecule, the fluorescence of the
dumbbell-like oligonucleotide is suppressed due to a Forster
resonance energy transfer (FRET) resulting from the proximity
of the fluorescent dye and the quencher molecule. The presence
of the target sequence [B] initiates a conventional hybridisation
assay, where one molecule of nucleic acid substrate can
hybridize with one molecule of the dumbbell-like
oligonucleotide, generating a heteroduplex substrate [AB]. This
process results in the release of the fluorescent signal from the
reporter oligonucleotide. The Fokl-assisted digestion system,
which combines the presence of dumbbell-like structures and
native FokI restriction endonuclease, augments the detection of
nucleic acids through an asymmetric cleavage facilitated by
Fokl, which allows for the rapid release of the fluorescent
portion of the dumbbell-like oligonucleotide [C] and enables
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the recirculation of the target molecule [B] for further rounds of
digestion.

The efficacy of the proposed signal amplification method
was evaluated in a panel of human single-stranded RNA
respiratory viruses corresponding to the families Coronaviridae,
Paramyxoviridae and Pneumoviridae (Fig. 1B). A set of 4
fluorescent dumbbell-like oligonucleotides, labelled with 6-FAM
and BHQ1 at their 5’ and 3’ ends, respectively, was designed to
enable the combined detection of human betacoronaviruses
(OC43/HKU1), human betacoronavirus SARS-CoV-2, human
parainfluenza viruses (HPIV1/HPIV3/HPIV2/HPIV4), and human
metapneumovirus (HMPV)/respiratory syncytial virus (HRSV),
respectively (Fig. 1B and S1t). The performance of the FokI-
assisted signal amplification strategy was evaluated by real-time
fluorescence measurements in the presence of different DNA or
RNA target concentrations, comparing it with both a
conventional hybridisation assay and the proposed FokI-
assisted signal amplification method (Fig. 2 and S27). The latter
strategy exhibited enhanced fluorescence detection in all
scenarios when compared to conventional hybridisation assays.
Although the performance of the reaction was superior in the
presence of ssDNA substrates (Fig. 2, average LOD conventional
assay = 0.85 nM, average LOD Fokl-assisted assay = 0.37 nM),
the improved detection of sSRNA molecules was also evident in
the FokI-assisted signal amplification assay (Fig. 2, average LOD
conventional assay = 0.92 nM, average LOD Fokl-assisted assay
=0.65 nM).

To test the specificity and the multiplex capabilities of the
FoklI-assisted digestion method, a series of experiments were
conducted using a simultaneous combination of fluorescently
labelled dumbbell-like oligonucleotides targeting the Orf8a
region of SARS-CoV-2 and the common RdARP-L region shared
between the HMPV and HRSV pneumoviruses (Fig. S3At). These
oligonucleotides were labelled with different fluorophores (FAM
or HEX, respectively) at their 5' end, while maintaining the
BHQ1 quencher and their 3’ end to prevent signal interference
and enable the detection of different target molecules within a

B
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Fig. 1 Fokl-mediated signal amplification reaction. (A) Schema depicting the working principle of the Fokl-assisted signal amplification reaction.
(B) Table displaying the information related to the different families and subfamilies of viruses included in this study, including their Baltimore
classification, the viruses of interest and the target regions of the different dumbbell-like oligonucleotides used in this study.
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Fig. 2 Fokl-assisted digestion of nucleic acids enhances the detection of different viral target sequences. (A-D) Line plots showing the real-time
fluorescence detection measurements of a conventional hybridisation assay (left panel), or a basic Fokl-assisted signal amplification assay (right
panel) in the context of synthetic viral sequences (DNA) corresponding to the human betacoronaviruses OC43 and HKU1 (A), SARS-CoV-2 (B),
human parainfluenza viruses (HPIV1, HPIV3, HPIV2 and HPIV4, C) or human pneumoviruses (HMPV and hRSV, D). Different concentrations (0 to 5
nM) of nucleic acid substrates corresponding to the indicated conditions were assayed. As a negative control, a constant concentration (5 nM) of
an unrelated nucleic acid sequence was used. For all the experiments, the concentration of the fluorescent reporter dumbbell-like
oligonucleotides was kept at 100 nM and the oligonucleotides used in each corresponding assay are indicated. Lines represent the average signal
detection at a given time point and error bars indicate the standard deviation of 3 independent experiments.

single fluorescence channel. Enhanced detection of either SARS-
CoV-2 or pneumoviruses was observed exclusively in the
presence of the corresponding DNA (Fig. S3Bf) or RNA (Fig.
S3Ct) target molecules and their respective fluorescent channels
(FAM - SARS-CoV-2 or VIC - pneumoviruses). Notably, detection
of other sequences or unrelated control substrates was absent
under these experimental conditions within their corresponding
fluorescent channels. This indicates efficient fluorescence
release by the reporter dumbbell-like oligonucleotides in their
respective emission spectra, illustrating the highly specific
signal amplification mediated by FokI-assisted digestion for the
target sequence of interest.

Molecular coupling between FokI-assisted signal
amplification and RCA enhances ssRNA target detection

We have recently demonstrated that the LOD of this technique
can be further enhanced by simultaneously coupling the FokI-
assisted signal amplification reaction with a classical isothermal
nucleic acid amplification method, such as the RCA
technique.> This approach depends on amplifying circular
DNA targets by means of the high processivity and strand
displacement capabilities of the Phi29 DNA polymerase,* and
the proposed reaction involves the use of padlock probes [A]
and a nucleic acid target [B] (Fig. 3A). When the padlock probe
hybridizes with the target molecule, it adopts a circular
structure [AB], and through the catalytic activity of a DNA ligase
enzyme, it undergoes complete circularization by ligating its

472 | Sens. Diagn., 2024, 3, 468-478

splinted 5’ and 3’ ends [C]. The resulting single stranded,
circularized DNA template can be indefinitely amplified in the
presence of a complementary RCA primer [D], dNTPs, and the
DNA polymerase Phi29, thereby increasing the number of target
molecules in the reaction mixture [E]. The simultaneous
molecular coupling of the Fokl-assisted signal amplification
assay improves the detection results obtained in classical RCA
approaches, as these target molecules [B, E] can hybridize with
the custom-designed dumbbell-structures [F] and release the
fluorescent signal of the reporter molecule. In addition, the
asymmetric cleavage reaction mediated by FokI enhances the
excision of the fluorescent portion of the probe [G] and enables
the potential reuse of the target sequence [B, E] for further
rounds of digestion, resulting in an improved detection signal
of the reaction.

The efficacy of the molecular coupling between FokI-
assisted digestion and the RCA reaction was tested at short
incubation times (<60 min) in the context of human
betacoronaviruses (OC43/HKU1), human betacoronavirus
SARS-CoV-2, human parainfluenza viruses (HPIV1/HPIV3/
HPIV2/HPIV4), and human metapneumovirus (HMPV)/
respiratory syncytial virus (HRSV) respectively (Fig. 3B). This
molecular coupling enhanced the detection limit in all
scenarios compared to the single FoklI-assisted signal
amplification approach, but extent of the signal amplification
was sequence dependent, being the combination of padlock
probe/dumbbell-like oligonucleotide designed against human
betacoronaviruses (OC43/HKU1) the most effective in terms of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fokl-assisted signal amplification assay coupled to RCA further improves the detection limit of the technique. (A) Schema illustrating the
different stages of the RCA reaction and the molecular coupling with the Fokl-assisted signal amplification method. The two steps of the reaction
(padlock ligation and RCA amplification/detection) and their reaction times are indicated with dashed lines. (B) Line plots depicting the real-time
fluorescence detection measurements of an RCA reaction coupled with the Fokl-assisted signal amplification system in the presence of dumbbell-
like oligonucleotides targeting the indicated human respiratory viruses. Different amounts of target RNA substrates (ranging from 10 fmol to 100
zmol) were assayed for 60 minutes, and 1 fmol of an unrelated RNA sequence was used for control purposes. The concentration of the reporter
dumbbell-like oligonucleotides remained constant concentration at 100 nM, and the combination of oligonucleotides used in each corresponding
assay is indicated. Lines represent the average signal detection at a specific time point, while error bars indicate the standard deviation derived

from three independent experiments.

target detection (LOD betacoronavirus = 4.15 amol; LOD
SARS-CoV-2 = 752.18 amol, LOD parainfluenza = 73.32 amol;
LOD pneumo = 293.28 amol). Notably, the simultaneous use
of padlock probes and fluorescently labelled dumbbell-like
oligonucleotides against the Orf8a region of SARS-CoV-2 and
the common RdARP-L region between the HMPV and HRSV
pneumoviruses (FAM or HEX respectively) allowed
multiplexed detection of these viral targets in a single reaction
tube (Fig. S4At). In the context of DNA targets, enhanced
detection of either SARS-CoV-2 or pneumoviruses was
achieved only in the presence of their specific sequences (Fig.
S4BT) and their corresponding fluorescent channels (FAM -
SARS-CoV-2 or VIC - pneumoviruses), demonstrating the high
specificity of this approach. However, the detection of RNA
sequences from these viruses, especially in the context of the
VIC channel (Fig. S4BT), was noisy and less specific, despite
detecting the correct cognate sequence in each case analysed.

A multiplex padlock ligation step allows the detection of
multiple viral targets in a single combined assay

To overcome the limitations arising from the concurrent
presence of combined padlock probes and multiple

© 2024 The Author(s). Published by the Royal Society of Chemistry

fluorescently labelled dumbbell-like oligonucleotides in a
simultaneous amplification reaction, particularly in the
context of RNA targets, a different multiplex strategy was
implemented (Fig. 4). Incorporating multiple padlock probes
in the initial step of the reaction might facilitate the
detection of multiple viral targets, each expected to hybridize
exclusively to its corresponding padlock probe during the
subsequent ligation step (Fig. 4A). The resulting circularized
DNA template can undergo indefinite amplified in the
context of the RCA reaction, as described in the previous
section. However, rather than conducting a simultaneous
molecular coupling between the Fokl-assisted signal
amplification reaction and the RCA step, the resulting sample
is divided into several distinct FokI-mediated signal
amplification assays in separate tubes, each tube containing
its specific fluorescent dumbbell-like oligonucleotide probe
designed against the cognate viral RNA sequence.
Theoretically, following the completion of the uncoupled
RCA and the Fokl-assisted signal amplification step, each
dumbbell-like oligonucleotide should amplify the fluorescent
signal corresponding to its respective molecular target
(Fig. 4A). This was demonstrated through a combined
reaction involving multiple padlock probes against human

Sens. Diagn., 2024, 3, 468-478 | 473
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Fig. 4 Multiplex combination of padlock probes expands the analytical repertoire of the RCA-coupled Fokl-assisted signal amplification assay. (A)
Schema depicting the different stages of the RCA reaction and the molecular coupling with the Fokl-assisted signal amplification method in the
context of a multiplexed padlock probe reaction. The three steps of the reaction (padlock ligation, RCA amplification, and signal detection) and
their reaction times are indicated by dashed lines. (B) Line plots illustrating the real-time fluorescence detection measurements of a multiplexed
padlock RCA reaction coupled with the Fokl-assisted signal amplification system in the presence of individual dumbbell-like oligonucleotides
targeting human betacoronaviruses OC43 and HKU1, SARS-CoV-2, human parainfluenza viruses (HPIV1, HPIV3, HPIV2 and HPIV4) or human
pneumoviruses (HMPV and HRSV). RNA substrates (1 fmol) were combined with the mixture of padlock probes during the ligation step and
subsequently amplified for 45 minutes during the amplification step. The resulting sample was divided among four tubes, each containing one
reporter dumbbell-like oligonucleotide targeting one of the aforementioned viruses. These probes were assayed at a constant concentration of
100 nM. The combination of oligonucleotides used in each corresponding assay is indicated. Lines represent the average signal detection at
specific time points, while error bars indicate the standard deviation obtained from three independent experiments.

betacoronaviruses (OC43/HKU1), human betacoronavirus
SARS-CoV-2, human parainfluenza viruses (HPIV1/HPIV3/
HPIV2/HPIV4), and human metapneumovirus (HMPV)/
respiratory syncytial virus (HRSV) alongside specific
fluorescent dumbbell-like oligonucleotides (FAM) in the
context of each specific viral RNA target condition (Fig. 4B).
The exclusive detection of each corresponding RNA target
was achieved in the presence of their respective dumbbell-
like oligonucleotides, but no detection occurred in the
presence of other dumbbell-like oligonucleotides designed
for different viral targets, thereby confirming the high
specificity of the proposed multiplexed padlock step. This
strategy presents a simple and cost-effective method for
detecting viral targets, since a single multiplexed padlock
RCA amplification assay is required per patient, and the
resulting amplification product can be divided into multiple
Fokl-assisted signal amplification reactions driven by
different dumbbell-like oligonucleotides against distinct viral
RNA targets of interest, without necessitating additional
fluorescence measurement requirements.

474 | Sens. Diagn., 2024, 3, 468-478

Detection of multiple viral targets in real-world samples

Considering the enhanced signal detection in the context of
multiple dumbbell-like oligonucleotides and their corresponding
viral molecules in a test tube, we further investigated whether this
molecular coupling between Fokl-assisted signal amplification
and RCA could serve as a diagnostic method for detecting
multiple viral targets in RNA isolated from human
nasopharyngeal swabs diagnosed at the Hospital Universitario
Central de Asturias. We selected a cohort of 20 patients
diagnosed with various viral infections (5 betacoronaviruses, 4
SARS-CoV-2 and 8 pneumoviruses), including 3 control samples
with no detection of any of these targets in the samples of
interest (Fig. 5 and S57). The use of a 3-step, coupled reaction
between FoklI-assisted signal amplification and multiplexed RCA,
which involved a simultaneous analysis of multiple dumbbell-
like oligonucleotides, revealed significant differences in the signal
intensity of particular viral species depending on the sample of
interest at reaction times of 60 minutes (Fig. 5A). The accuracy,
sensitivity and specificity of the multiplexed Fokl-assisted signal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Applicability of the Fokl-assisted signal amplification technique in the context of viral RNA samples extracted from human nasopharyngeal
swabs. (A) A total of 5 patients infected with betacoronavirus, 4 patients infected by SARS-CoV-2, and 8 patients infected with other human
pneumoviruses were included for validation purposes. Validation of these samples was confirmed using RT-qPCR as the gold standard technique.
Additionally, three samples showing no significant qPCR signal for any of the tested viruses were used as controls. Label class indicates their
respective categories in the figure plots. Barplots depict the relative fluorescence signal obtained at 60 min for each tested sample using the
simultaneous analysis of the multiplexed RCA approach coupled with the Fokl-assisted signal amplification technique. For each sample, Z-scores
were calculated per each dumbbell-like oligonucleotide using the formula z = (x - u)/d, where x represents the fluorescence intensity of the
specific dumbbell-like probe, u is the average value of all tested dumbbell-like probes for each sample, and d is the standard deviation of these
measurements. The maximum z-score per sample is depicted in the top legend. Samples were classified as positive when Z-score > 1.2, and when
aligned with the predicted category determined by the PCR technique. Samples not matching this criterion are highlighted in red (FALSE). (B) Radar
plots illustrate the metrics and performance comparison of the Fokl-assisted signal amplification method with the gold standard quantitative RT-

PCR approach for each of the indicated viral families.

amplification reaction, compared to the gold standard RT-PCR
approach, for the different dumbbell-like oligonucleotides tested
were, respectively: 0.85, 0.60 and 0.93 for betacoronaviruses; 0.95,
0.75 and 1 for SARS-CoV-2 infected samples; and 0.80, 0.75 and
0.83 for human pneumoviruses (Fig. 5B). These results
demonstrate the feasibility of using this method for detecting
multiple viral targets, and offers a cost-effective, time-saving, and
specific diagnostic strategy for monitoring human respiratory
viral infection rates in the population of interest.

Discussion

In recent years, the number of diagnostic methods for the early
diagnosis of human diseases has dramatically increased, largely
motivated by the needs highlighted during the COVID-19

© 2024 The Author(s). Published by the Royal Society of Chemistry

pandemic.**** In this regard, the development of new

diagnostic methodologies as alternatives to the PCR technique
has led to the implementation of diagnostic tests centred on
the use of new tools based on LAMP, RPA, or CRISPR/Cas9,
among others.>>™” Some of these methodologies are also highly
portable to point-of-care (POC) systems,***° which could prove
effective in responding to critical situations, whether in remote
locations or with limited equipment, or when facing reagent
shortages associated with the PCR technique.”® To address
these limitations and expand the catalogue of available
diagnostic methodologies, this work focused on implementing
recent advances observed in the context of signal amplification
strategies®  with classical nucleic acid amplification
technologies such as the RCA technique. Our findings
demonstrate that the combination of a FoklI-assisted signal
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amplification strategy with RCA improves the limit of detection
of viral pathogens in human samples, ensuring adequate
specificity and sensitivity, thereby reinforcing the diagnostic
potential of this approach for single-stranded RNA viruses. In
addition, this detection can be performed in a multiplexed
manner, allowing the screening of multiple human respiratory
viruses using a single assay, considerably reducing the
processing cost per sample.

Despite the progress shown in this study, this work has
some limitations. One of the main limitations is the sample
size of the validation cohort of real-world samples, from
which the specificity and sensitivity values of the work have
been inferred using a small number of subjects. In this
respect, analysis in larger cohorts will serve to determine
more precisely the extent of these improvements in the
context of other diagnostic systems. Furthermore, despite the
obvious improvements introduced by the coupling of the
Fokl-assisted signal amplification reaction and RCA, the
observed limit of detection values do not outperform recently
established methods focusing on exponential amplification
methods, such as LAMP or PCR itself." Being aware of these
limitations, we propose that the coupling of the FokI-assisted
signal amplification reaction and RCA could serve as a
complementary alternative for potential multiplexing in
relevant clinical settings, including human respiratory virus
diseases. The panel designed in this work could be
complemented with new molecular beacons designed against
additional viruses in the RCA multiplexing step, resulting in
a rapid and cost-effective solution for the diagnosis of human
respiratory diseases of concern.

Conclusions

This work demonstrates that FokI-assisted signal amplification
enhances the detection of viral RNAs from multiple human
respiratory viruses compared to conventional oligonucleotide
hybridisation approaches. Furthermore, we observed that the
molecular coupling between FokI-assisted signal amplification
and the RCA method further improves the detection limit of
these technologies. In addition, the multiplexing of padlock
probes emerges as a viable approach for identifying specific
respiratory viruses in human samples with adequate sensitivity
and specificity. This cost-effective methodology could serve as a
diagnostic alternative for the simultaneous detection of
multiple human respiratory viruses, holding significant
potential for public health applications.
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