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The global pandemic resulting from the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its
emerging variants highlights the need for convenient and accurate detection protocols to facilitate timely pre-
vention and management of the disease. Herein, we propose a new self-priming hairpin-mediated isothermal
amplification (SIAM) protocol enabling one-pot and ultrasensitive identification of SARS-CoV-2 in a multiplexed
way. This approach works by targeting a specific RNA sequence with a self-priming hairpin (SP) probe and
promoting continuously repeated extension and nicking reactions to produce numerous trigger molecules, which
could specifically bind to molecular beacons (MBs) and produce fluorescent signals. Under an isothermal con-
dition of 37 °C, this technique allowed for the simultaneous identification of the spike (S) and nucleocapsid (N)
genes of SARS-CoV-2 down to single copy/pL levels. We further validated the practical diagnostic capabilities of
the SIAM method by accurately testing 20 clinical samples with 100% sensitivity and specificity. The SIAM
method has a lot of potential to be a reliable nucleic acid testing protocol to identify infections caused by a wide

range of pathogens.

1. Introduction

The outbreak of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has caused the current global pandemic of coronavirus
disease 2019 (COVID-19), presenting an unparalleled risk to both public
health and the global economy. The gold standard for COVID-19 iden-
tification is quantitative reverse transcription polymerase chain reaction
(qQRT-PCR), which initially converts viral RNA from a sample to its
complementary DNA sequence through a process known as reverse
transcription (RT), followed by amplification of the resulting DNA in a
subsequent q-PCR step through repeated cycles of denaturation,
annealing, and extension. The qRT-PCR method is well-established and
considered to be highly specific and sensitive for viral RNA identifica-
tion. However, its implementation in point-of-care testing (POCT) is
constrained by the need for temperature cycling, a lengthy testing

period, and the requirement for a centralized laboratory with experi-
enced operators (Carter et al., 2020; Lee et al., 2022; Tang et al., 2020).

To overcome the limitations of qRT-PCR, various isothermal nucleic
acid amplification methods for identifying SARS-CoV-2 have been pro-
posed, including catalytic hairpin assembly (CHA) (Zou et al., 2021),
loop-mediated isothermal amplification (LAMP) (Odiwuor et al., 2022;
Rabe and Cepko, 2020; Thi et al., 2020), nicking and extension chain
reaction system-based amplification (NESBA) (Ju et al. 2021, 2022),
recombinase polymerase amplification (RPA) (Liu et al., 2021; Song
et al., 2021), rolling circle amplification (RCA) (Chaibun et al., 2021),
and strand displacement amplification (SDA) (Mohammadniaei et al.,
2021; Zhang et al., 2021). Of these, the LAMP method is the most
appealing option due to its unique advantages, including powerful
amplification efficiency, robustness, and visual detection capability
(Becherer et al., 2020; Francois et al., 2011; Mori et al., 2006; Zheng and
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Scheme 1. Illustration of the SIAM assay principle.

Cheng, 2017). Taking use of the advantages, various LAMP-based
COVID-19 diagnostic assays have acquired emergency use authoriza-
tion from the US Food and Drug Administration (FDA) and have been
utilized for COVID-19 testing (FDA, 2021; Kang, 2020; Kisner, 2021).
However, several disadvantages of LAMP-based approaches must be
overcome before they can be widely used, such as the requirement for
relatively high temperatures (60-65 °C) (Notomi et al., 2000; Soroka
etal., 2021), the use of many primers (Karami et al., 2011; Minero et al.,
2017; Mori and Notomi, 2009), and the risk of false positives due to
random hybridization between primers (Hardinge and Murray, 2019a,
2019b; Sherrill-Mix et al., 2021). Therefore, it is still quite imperative to
develop advanced isothermal strategies that allow reliable COVID-19
testing in a more convenient and versatile manner.

Hairpin structures are specific secondary structures where single-
stranded DNA or RNA folds back on itself to form a loop. The most
representative hairpin structure is the molecular beacon (MB) probe,
which is a dual-labeled probe that forms a quenched, stem-loop struc-
ture in its native state and fluoresces upon hybridization with the target
sequence. MB probes have been extensively utilized as signal-producing
reporters in numerous applications, including PCR reactions, single
nucleotide polymorphism (SNP) detection, and other nucleic acid ana-
lyses (Bonnet et al., 1999; Kostrikis et al., 1998; Mhlanga and Malmberg,
2001; Sherrill-Mix et al., 2021). Besides serving as signaling probes,
hairpin structures have recently emerged as powerful target recognition
probes, leading to the development of several nucleic acid detection
techniques (Cheng et al., 2014; Gao et al., 2018; Iwe et al., 2021; Jung
et al., 2021; Kim et al., 2020; Li et al., 2022; Liu et al., 2016; Song et al.
2020, 2022; Xiong et al., 2015).

Herein, we devised a novel self-priming hairpin-mediated isothermal
amplification (SIAM) technique for identifying SARS-CoV-2 genes. This
technique utilizes a self-priming hairpin probe (SP) in combination with
continuous extension and nicking reactions to produce an abundance of
triggers with the ability to produce fluorescence signals by specifically
binding to the corresponding MBs. The SIAM method enabled the

simultaneous identification of the spike (S) and nucleocapsid (N) genes
of SARS-CoV-2 in a one-pot reaction, and its clinical applicability was
validated by successfully identifying 20 clinical specimens with
outstanding sensitivity and specificity.

2. Methods
2.1. Materials

This work used high-performance liquid chromatography (HPLC)-
purified DNA oligonucleotides and RNase-free HPLC-purified RNA oli-
gonucleotides obtained from Bioneer (Daejeon, Korea), as listed in
Table S1. The human coronavirus NL63 (HCoV-NL63), Middle East
respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2 gRNAs
were provided by the National Culture Collection for Pathogens
(Cheongju, Korea); the SARS-CoV gRNA was provided by Integrated
DNA Technologies Inc. (Coralville, IA, USA); and the human coronavirus
0C43 (HCoV-0C43) and human coronavirus 229E (HCoV-229E) gRNAs
were provided by the Korea Bank for Pathogenic Viruses (Seoul, Korea).
Reagents such as deoxynucleotide (ANTP) solution mix (N0447S), Kle-
now Fragment (3’—5’ exo-) (KF, M0212S), Nt.BstNBI (NBN, R0607S),
NEBuffer 2 (NE2, B7002S), and NEBuffer 3.1 (NE3.1, B7203S) were
acquired from New England Biolabs Inc. (Beverly, MA, USA), and
Diethyl pyrocarbonate (DEPC)-treated water (DEPC-DW, C-9030) was
obtained from Bioneer. All of the other compounds were of analytical
grade and were used as is.

2.2. SIAM reaction for SARS-CoV-2 identification

First, SP (1 pM) and MB (10 pM) stocks were separately prepared in a
solution containing 0.4 mM dithiothreitol (DTT), 60 mM NaCl, 8 mM
MgCly, 40 pg/mL bovine serum albumin (BSA), and 24 mM Tris-HCI,
which were heated for 5 min at 95 °C, cooled to 25 °C, and stored at
4 °C before use. A 20 pL reaction solution was made by mixing 12.3 pL of
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Fig. 1. Feasibility of the SIAM reaction. (a, b) Fluorescence emission spectra of CySMB for S1 RNA detection (a) and FAMMB for N1 RNA detection (b) under
different combinations of reaction components (1: SP + target RNA, 2: SP + KF, 3: SP + target RNA + KF, 4: SP + KF + NBN, 5: SP + target RNA + KF + NBN). Insets
are enlarged views of the fluorescence emission spectra. Final concentrations of SP, KF, NBN, MB, and target RNA are 20 nM, 0.5 U/pL, 0.3 U/pL, 300 nM, and 1 pM,
respectively. (c, d) PAGE images of products obtained from the SIAM reaction to detect S1 RNA (c) and N1 RNA (d) (L: ultra-low range ladder, M1: SP, M2: target
RNA, M3: trigger, 1: SP + target RNA, 2: SP + KF, 3: SP + target RNA + KF, 4: SP + KF + NBN, 5: SP + target RNA + KF + NBN). Final concentrations of SP, KF, NBN,
and target RNA are 500 nM, 1 U/pL, 1 U/pL, and 200 nM, respectively.

DEPC-DW, 0.5 pL of dNTP (10 mM), 0.4 pL of the pretreated SP solution
(1 pM), 0.8 pL of 10 x NE2, 0.8 pL of 10 x NE3.1, 2 L of KF (5 U/pL),
0.6 pL of NBN (10 U/pL), 0.6 pL of the pretreated MB solution (10 pM),
and 2 pL of the target analyte solution. After 1 h incubation at 37 °C, the
fluorescence emission spectra of the reaction solutions were tracked
using a Tecan Infinite M200 Pro microplate scanner (Mannedorf,
Switzerland) with excitation wavelengths of 600 and 470 nm and
emission wavelength regions of 640-800 nm and 500-650 nm for
Cy5MB and FAMMB, respectively. For real-time analysis, the fluores-
cence intensity was monitored every 30 s at 37 °C using a CFX Connect
Real-Time System (Bio-Rad, CA, USA) with the FAM filter set.

For the simultaneous identification of the S and N genes of SARS-
CoV-2, the SIAM reaction was conducted in a 20 pL reaction solution
containing 250 pM dNTP, 0.4 x NE2, 0.4 x NE3.1, 0.5 U/uL KF, 0.3 U/
pL NBN, 1 pM SARS-CoV-2 gRNA, the pretreated gene-specific SP so-
lutions (S-SP and N-SP in different combinations, 20 nM for each SP),
and the pretreated SP-specific MB solutions (Cy5MB and FAMMB in
different combinations, 300 nM for each MB), following the same pro-
cedure described above.

Fluorescence Intensity (a.u.)
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2.3. Polyacrylamide gel electrophoresis (PAGE) assay

To perform PAGE analysis, 10 pL of the reaction mixture was loaded
onto a 15% polyacrylamide gel with a running buffer of 1 x tris-borate-
ethylenediaminetetraacetic acid (TBE). The electrophoresis was con-
ducted for 90 min at 120 V, followed by staining with ethidium bromide
(EtBr). The gel was visualized using a ChemiDoc Imaging System (Bio-
Rad).

2.4. Clinical specimen testing

The 20 clinical specimens (nasopharyngeal swabs and sputum
specimens) from individuals suspicious of COVID-19 infection were
acquired from the Gyeongsang National University College of Medicine
and stored at —70 °C in universal transport media. This study protocol
underwent review and received approval from the Institutional Review
Board (IRB) at Gyeongsang National University College of Medicine (IRB
approval number: 2022-10-012; Jinju, Korea). The gRNAs were isolated
from the specimens using the QIAamp Viral RNA Mini Kit (QIAGEN
GmbH, Hilden, Germany) and subjected to the SIAM reaction as
described in 2.2.

The same specimens were also tested using the Luna Universal One-
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Fig. 2. Sensitivity of the SIAM reaction. (a, ¢) Fluorescence emission spectra of Cy5MB for S gene detection (a) and FAMMB for N gene detection (c) for the sample
solutions containing SARS-CoV-2 gRNAs at varying concentrations (0-10 pM). (b, d) The linear relationship between the logarithmic SARS-CoV-2 gRNA concen-
tration (10 aM-10 pM) and the corresponding fluorescence intensity at 668 nm (Fggg) from the Cy5MB (b) and 524 nm (Fs24) from the FAMMB (d). Error bars indicate

the standard deviation of triplicate tests.

Step RT-qPCR Kit (New England Biolabs Inc.). The specimens were first
reverse transcribed at 55 °C for 10 min and PCR-amplified with a 1-min
initial denaturation at 95 °C, followed by 45 cycles of 10 s at 95 °C and
30 s at 60 °C. The fluorescent intensities of all specimens were measured
every cycle using a CFX96 Real-Time System (Bio-Rad), and diagnostic
decisions were made based on the C; values obtained through the inte-
grated system software.

3. Results and discussion
3.1. Basic principle of the SIAM reaction

Scheme 1 illustrates the basic principle of the SIAM reaction. The
crucial component of the SIAM reaction is the distinctively designed SP,
which contains four functional domains: a target binding site along the
loop and 5’ stem (black), a self-priming region along the 3’ end (red and
purple), and a nicking endonuclease recognition site (orange) and a
trigger template (blue or violet) at the 5’ overhang. As shown in the left
panel of Scheme 1, the SIAM reaction is comprised of four sequential
steps: target binding, intermediate product (IP) formation with con-
current target recycling, trigger generation, and signal production.

When the target nucleic acid binds to the SP, a conformational
change occurs, rearranging the self-priming region to form a self-primer
at the 3’ end. DNA polymerase then extends the self-primed SP, forming

a double-stranded DNA IP and concurrently recycling the target nucleic
acid for binding to another free SP. The IP contains a double-stranded
nicking endonuclease recognition site at the downstream, which could
consequently promote continuous nicking and extension reactions to
amplify the trigger via the collaborative action of the nicking endonu-
clease and DNA polymerase. Since the trigger is designed to be com-
plementary to the stem and loop regions of the MB, it would significantly
enhance the fluorescence signal through binding to and opening the MB.
The SP retains its hairpin structure when the target nucleic acid is
excluded, and no enzymatic reaction proceeds. The SIAM method could
detect multiple target nucleic acids simultaneously in one-pot by using
multiple SPs capable of producing different triggers to open MBs with
distinct fluorophore labels (right panels of Scheme 1). In this work, we
designed SPs and MBs to detect the S and N genes of SARS-CoV-2 and
used them to identify two viral genes simultaneously.

3.2. Feasibility of the SIAM reaction

The viability of the SIAM reaction was verified by detecting S1 RNA
with S-SP and Cy5MB and N1 RNA with N-SP and FAMMB. Fig. 1a and b
depict the fluorescence signals obtained from the SIAM reactions under
different combinations of reaction components. First, when neither DNA
polymerase nor nicking endonuclease was present in the sample solu-
tion, the target RNA did not produce any significant fluorescence signal
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Fig. 3. Specificity of the SIAM reaction. (a, b) (F-Fy)/F¢ of Cy5MB for S gene detection (a) and FAMMB for N gene detection (b) by the SIAM reaction for the target
SARS-CoV-2 gRNA or other coronavirus gRNAs (SARS-CoV, HCoV-229E, MERS-CoV, HCoV-NL63, and HCoV-OC43). The concentration of the gRNAs is 1 pM. Error

bars indicate the standard deviation of triplicate tests.

(curve 1). When DNA polymerase was included but the nicking endo-
nuclease was excluded, fluorescence enhancement was still not observed
regardless of the target RNA (curves 2 and 3) because triggers were not
able to be produced from IP without the nicking reaction. Importantly, a
marked fluorescence increase was observed when all reaction compo-
nents, including SP, DNA polymerase, nicking endonuclease, and MB,
were added to the sample solution containing the target RNA (curve 5),
demonstrating that the triggers were successfully produced and opened
the MBs in this case. We also found a tiny non-specific fluorescence
signal in the negative sample without the target RNA but having both
the DNA polymerase and nicking endonuclease enzymes (curve 4),
which could be due to a slight self-rearrangement of the SP. Yet, the
specific signal generated by the target RNA was readily distinguished
from the non-specific signal, and the non-specific signal could be
considerably reduced through further optimizing the reaction
conditions.

To further validate the above fluorescence results, we also conducted

2.54 = 668 nm (Cy5MB for S gene)
T 524 nm (FAMMB for N gene)
2.0 l
< 1.5
uw
w L
=~ 1.0
0.5+
0.0 T
S-SPHP + Cy5MB + -
N-SPHP + FAMMB - +

Fig. 4. Multiplexed SARS-CoV-2 gene detection. Solid and diagonal stripe bars
represent (F-Fg)/Fo of CySMB for S gene detection and FAMMB for N gene
detection by the SIAM reactions using the gene-specific sets of SP and MB. The
concentration of the target gRNA is 1 pM. Error bars indicate the standard
deviation of triplicate tests.

PAGE analyses. As presented in Fig. 1c and d, a band matching the IP
(167 mer) was detected in lanes 3 and 5 when the reaction solution
included SP, target RNA, and DNA polymerase, while the band did not
appear when the reaction solution lacked either DNA polymerase (lane
1) or target RNA (lanes 2 and 4). Notably, the intense band corre-
sponding to the free trigger was only observed in lane 5 when all reac-
tion components were present in the solution with the target RNA. All
these results confirm that the target RNA specifically initiates the SIAM
reaction, and DNA polymerase and nicking endonuclease are core
components to produce an abundance of triggers, consequently inducing
fluorescence enhancement through opening MBs, as illustrated in
Scheme 1.

3.3. Sensitivity and specificity of the SIAM reaction

To optimize the SIAM method, fluorescence enhancement was
evaluated using FAMMB as a reporter and assessed using the formula (F-
Fo)/Fo, where F and Fj represent the fluorescence signals at 524 nm
obtained from the reaction samples with and without the target RNA,
respectively. The results presented in Figs. S1-S8 indicated that the
temperature of 37 °C, the reaction time of 60 min, and concentrations of
20 nM for SP, 0.4 x for both NE2 and NE3.1, 0.5 U/pL for KF, 0.3 U/uL
for NBN, and 300 nM for MB were optimal, which were used for all
subsequent assays.

We then determined the sensitivity of the SIAM approach by testing
the sample solutions containing various concentrations of SARS-CoV-2
gRNA (0-10 pM) and tracking the corresponding fluorescence emis-
sions. As depicted in Fig. 2a and c, the fluorescence signal increased with
increasing SARS-CoV-2 gRNA concentration. When the fluorescence
intensity was plotted against the logarithmic SARS-CoV-2 gRNA con-
centration (10 aM-10 pM), a remarkably linear relationship was found
for both the S gene (Fees = 70.15 IOg (Csars-cov-2 (@M)) + 258.13, R2 =
0.99) (Fig. 2b) and the N gene (F524 = 60.628 log (CSARS-COV-2 (aM)) +
298.56, R? = 0.99) (Fig. 2d), demonstrating that the proposed strategy
can accurately quantify SARS-CoV-2 gRNA. The limit of detection (LOD)
values for the S and N genes were determined to be 1.78 aM (1.07
copies/pL) and 1.13 aM (0.68 copies/pL), respectively, following the
general guideline based on the formula 36/S, where ¢ represents the
standard deviation of the blank sample and S represents the slope of the
calibration line (Shrivastava and Gupta, 2011). These values are supe-
rior to those reported in the previous methods for SARS-CoV-2
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Fig. 5. Clinical testing for COVID-19 using the SIAM reaction. (a, b) (F-Fy)/Fq of Cy5MB for S gene detection (a) and FAMMB for N gene detection (b) by the SIAM
reactions for the 20 clinical samples. The threshold value was set to be the background fluorescence plus five times the standard deviation of the blank sample (Fotis
et al., 2021). Error bars indicate the standard deviation of triplicate tests. (c) Heat map of (F-Fy)/F values obtained from the samples by the SIAM reactions.

identification (Table S2).

We next assessed the specificity of the SIAM reaction by comparing
the fluorescence enhancements of the sample containing target SARS-
CoV-2 gRNA to those containing non-target gRNAs of other coronavi-
ruses (SARS-CoV, HCoV-229E, MERS-CoV, HCoV-NL63, and HCoV-
0C43). As shown in Fig. 3, significant fluorescence enhancement was
detected solely from the samples that contained the target SARS-CoV-2
gRNA in both cases to detect the S and N genes using their corresponding
SPs and MBs. In contrast, very weak fluorescence enhancement was
produced from the samples containing non-target gRNAs. The slight
fluorescence signals from SARS-CoV samples might be attributed to the
considerably high genomic homology between SARS-CoV and SARS-
CoV-2 (Padhan et al., 2021). These findings verify that the SIAM
method exhibits excellent sensitivity and specificity in identifying the
target SARS-CoV-2 gRNA.

3.4. Capability for multiplex detection and clinical application for
COVID-19 diagnosis

In order to assess the multiplexing capability of the SIAM method,
the reactions were carried out using various combinations of gene-
specific SP and MB sets, and the fluorescence signals measured at 668
nm and 524 nm, which correspond to S and N genes, respectively, were
plotted against the combinations employed (Fig. 4). When the gene-
specific SP and MB sets were used individually, the S and N genes
were accurately identified through fluorescence enhancement at the
respective wavelengths. Even though a minor decrease in the Cy5MB
signal was observed when both the SP and MB sets were employed
together, possibly as a result of the probes’ competition for target
sequence binding, the fluorescence signals generated at the corre-
sponding wavelengths were still sufficiently strong to enable successful
identification of both the S and N genes. These results demonstrate that
the SIAM method could accurately identify different regions of the target
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viral RNA in a multiplexed manner.

The clinical utility of the SIAM reaction was determined by detecting
SARS-CoV-2 gRNA extracted from 20 clinical specimens (10 nasopha-
ryngeal swabs and 10 sputum specimens). Out of the 20 samples, 11
samples were identified as positive and 9 samples were identified as
negative by comparing their fluorescence signals obtained from the
SIAM reactions with the threshold (Fig. 5a and b). The differences in the
signals between positive and negative specimens were obvious in the
heat map created based on the (F-Fg)/Fy values obtained from the
samples (Fig. 5¢), and all the decisions attained by the S and N gene
testing were totally consistent with each other. We also conducted the
standard qRT-PCR assays for the same samples, and all the results were
completely consistent with the SIAM method (Tables S3 and S4). These
results demonstrate that the SIAM method diagnosed the 20 clinical
samples with 100% clinical sensitivity and specificity, demonstrating its
reliability and robustness in clinical settings. Importantly, the SIAM
method is performed at 37 °C without the requirement of thermocycling,
making it highly adaptable to various resource-limited settings. More-
over, this technique has the capacity to detect multiple target genes in a
single reaction, greatly improving the convenience of the diagnostic
process. Given these benefits, the SIAM method would make a signifi-
cant contribution to practical molecular diagnostics for diverse patho-
genic diseases.

4. Conclusions

We have proposed a hairpin-based isothermal nucleic acid amplifi-
cation method termed SIAM, which enabled simultaneous identification
of the S and N genes of SARS-CoV-2 with excellent sensitivity and
specificity. The SIAM technique possesses certain advantages over
existing isothermal nucleic acid amplification methods. First, it requires
only a single self-priming structured primer without the need for mul-
tiple primers or probes, which would significantly reduce the costs
associated with primer/probe design and synthesis while also mini-
mizing false positives that could arise from the random hybridization
between primers and probes. Second, the SIAM reaction displayed
exceptional sensitivity down to single copy/pL levels, far outperforming
the other isothermal approaches, which could be attributed to the
continuous recycling of the target nucleic acid and the effective ampli-
fication of the trigger molecules. Third, the reaction is conducted at a
relatively low temperature (37 °C), which could make the technique
more suitable for POCT purposes while reducing power consumption.
Fourth, the MB probes employed for final signaling could improve
detection specificity by validating the trigger sequence when compared
to other sequence-nonspecific signal reporters and, most significantly,
allow the identification of multiple target nucleic acids. Fifth, the SIAM
reaction could evolve into a wide range of versatile techniques through
the flexible design of the triggers. For instance, the triggers could be
designed as aptamer sequences that could generate fluorescence signals
upon binding with their cognate dyes or as DNAzyme sequences that
could generate colorimetric or fluorescent signals through their enzy-
matic activities. Furthermore, the design of the self-priming hairpin
offers inherent flexibility, making it adaptable for the detection of newly
emerging nucleic acid species in the future, which would include various
SARS-CoV-2 variants. With its versatility, we anticipate that the SIAM
method will serve as a potent new platform for isothermal molecular
diagnostics, capable of identifying a diverse spectrum of pathogens in a
multiplexed manner.
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