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ABSTRACT: The outbreak of the novel coronavirus disease 2019 (COVID-19)
pandemic induced by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused millions of fatalities all over the world. Unquestionably, the effective and
timely testing for infected individuals is the most imperative for the prevention of the
ongoing pandemic. Herein, a new method was established for detecting SARS-CoV-2
based on the self-priming hairpin-utilized isothermal amplification of the G-rich sequence
(SHIAG). In this strategy, the target RNA binding to the hairpin probe (HP) was
uniquely devised to lead to the self-priming-mediated extension followed by the
continuously repeated nicking and extension reactions, consequently generating
abundant G-rich sequences from the intended reaction capable of producing fluorescence
signals upon specifically interacting with thioflavin T (ThT). Based on the unique
isothermal design concept, we successfully identified SARS-CoV-2 genomic RNA
(gRNA) as low as 0.19 fM with excellent selectivity by applying only a single HP and
further verified its practical diagnostic capability by reliably testing a total of 100 clinical
specimens for COVID-19 with 100% clinical sensitivity and specificity. This study would provide notable insights into the design and
evolution of new isothermal strategies for the sensitive and facile detection of SARS-CoV-2 under resource constraints.

Since its appearance in late December 2019, coronavirus
disease 2019 (COVID-19) caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) has quickly
transmitted worldwide. The World Health Organization
(WHO) declared it as a global pandemic on 11 March
2020.1 As of 30 May 2022, COVID-19 has infected and killed
more than 520 and 6.2 million people worldwide, respectively,2

posing unprecedented challenges to the global health and
economy.
In comparison with severe acute respiratory syndrome

coronavirus (SARS-CoV), Middle East respiratory syndrome
coronavirus (MERS-CoV), or other epidemic human corona-
viruses (HCoVs), SARS-CoV-2 virus exhibits increased
human-to-human transmission and individuals carrying
SARS-CoV-2 virus show no symptoms in many clinical cases,
accelerating the viral transmission and significantly increasing
its pandemic potential.3−6 Furthermore, the SARS-CoV-2 virus
has consistently mutated over time, resulting in the continual
emergence of new SARS-CoV-2 variants showing higher
transmissibility than the original virus,7,8 which would make
the prevention of the outbreak more challenging.9 Most
representatively, the Omicron variant spreads more easily than
earlier variants including the Delta variant, and anyone with
Omicron infection can spread the virus to others whether or
not they have symptoms.10−12

Despite playing a predominant role in protecting individuals
against severe forms of COVID-19, the coronavirus vaccines
are not completely effective in preventing infection13−15 and

the Omicron variant is known to infect vaccinated people.16−18

Therefore, timely testing COVID-19 cases through rapid and
accurate methods and keeping infected patients under
surveillance to curb further transmission are still of the most
importance to control and manage the ongoing pandemic.19,20

The gold standard method for diagnosing COVID-19 is
quantitative reverse transcription polymerase chain reaction
(qRT-PCR) where the viral RNA is first converted to the
complementary DNA (cDNA) succeeded by a qPCR process
with the cDNA.21−23 Despite its high clinical sensitivity and
specificity, the qRT-PCR requires temperature cycling, takes a
relatively lengthy testing period (3−4 h), and needs to be
conducted in a centralized laboratory by an experienced
operator, restricting its widespread applicability for point-of-
care testing (POCT) purpose under resource constraints.24−26

Isothermal strategies to amplify nucleic acids could simplify
and speed up the testing process, providing a compelling
alternative to the conventional method based on thermocy-
cling machine.27−29 Since the early 1990s, dozens of isothermal
amplification methods have been reported, such as Nucleic
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Acid Sequence Based Amplification (NASBA),30,31 Strand
Displacement Amplification (SDA),32,33 Loop-mediated Iso-
thermal Amplification (LAMP),34,35 Rolling Circle Amplifica-
tion (RCA),36,37 target-induced Chain Amplification Reaction
(CAR),38 Nicking and Extension Chain Reaction System-
based Amplification (NESBA),39 and so on.40−42 By taking
advantage of the simplicity of apparatus and reaction
procedure, most of the isothermal techniques showed great
potential for POCT applications,43 but several drawbacks
including the requirement for multiple primers/probes,44−46

relatively high reaction temperature,47 and insufficient
amplification efficiency48−51 remain to be solved.
Based on this context, we herein developed a new technique

to identify SARS-CoV-2 based on the self-priming hairpin-
utilized isothermal amplification of the G-rich sequence
(SHIAG). The self-priming hairpin probe (HP) was verified
to enable the detection of synthetic DNA and RNA under the
isothermal condition without any exogenous primers.42 By
making the most of the self-priming HP and the combined
extension and nicking reactions to generate abundant G-rich
sequences capable of producing fluorescence signals through
specific interaction with thioflavin T (ThT), we successfully
identified target SARS-CoV-2 genomic RNA (gRNA) as low as
sub-femtomolar level with excellent selectivity in a one-pot
reaction while applying only a single HP without any
exogenous primers or prior labelings.

■ EXPERIMENTAL SECTION
Materials. All DNA oligonucleotides utilized in the current

work were HPLC-purified and purchased from Bioneer
(Daejeon, Korea). The target RNA oligonucleotide was
RNase-free HPLC purified and purchased from Integrated
DNA Technologies, Inc. (Coralville, IA, USA). All oligonu-
cleotides are presented in Table S1. The gRNAs of SARS-CoV-
2, HCoV-NL63, and MERS-CoV were supplied by the
National Culture Collection for Pathogens (NCCP, Cheongju,
Korea). The gRNAs of SARS-CoV and HCoV-HKU-1 were
purchased from Intergrated DNA Technologies Inc. (Coral-
ville, IA, USA) while the gRNAs of HCoV-OC43 and HCoV-
229E were purchased from the Korea Bank for Pathogenic
Viruses (KBPV, Seoul, Korea). Bst 2.0 WarmStart DNA

polymerase (Bst, M0538S), Nt.BstNBI (R0607S), NEBuffer
3.1 (B7203S), ThermoPol reaction buffer (B9004S), and
deoxynucleotide (dNTP) solution mix (N0447S) were
purchased from New England Biolabs Inc. (Beverly, MA,
USA). Diethyl pyrocarbonate (DEPC)-treated water (95284)
and ThT (T3516) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals were of analytical grade
and used as received without further purification.
SHIAG Reaction for SARS-CoV-2 Detection. Prior to

use, 1 μM HP in 1× HP buffer (1 mM MgSO4, 5 mM
(NH4)2SO4, 5 mM KCl, 7.5 mM MgCl2, 47.5 mM Tris−HCl,
75 mM NaCl, 0.05% Triton X-100, 75 μg/mL BSA) was
heated at 95 °C for 5 min and then cooled to 25 °C (0.1 °C/s)
to ensure proper intramolecular folding and form a hairpin
structure. The 20 μL SHIAG reaction solution was prepared to
contain 0.5 μL of pretreated HP solution (1 μM), 1 μL of 10×
ThermoPol reaction buffer (20 mM MgSO4, 100 mM
(NH4)2SO4, 100 mM KCl, 200 mM Tris−HCl, 1% Triton
X-100, pH 8.8), 1.5 μL of 10× NEBuffer 3.1 (100 mM MgCl2,
500 mM Tris−HCl, 1 M NaCl, 1 mg/mL BSA, pH 7.9), 0.5
μL of dNTP (10 mM), 0.2 μL of Bst (8 U/μL), 0.16 μL of
Nt.BstNBI nicking endonuclease (10 U/μL), 2 μL of ThT
(250 μM), and 2 μL of target analyte, which was incubated at
37 °C for 60 min. From the reaction products, the fluorescence
emission spectra in a range of 480−650 nm or the fluorescence
emission intensities at 496 nm were monitored at an excitation
wavelength of 440 nm by using a Tecan Infinite M200 Pro
microplate reader (Man̈nedorf, Switzerland) and 384-well
Greiner Bio-One microplates (Ref. 781077, Courtaboeuf,
France). To optimize reaction conditions, the fluorescence
signal from ThT was recorded at an interval of 60 s at 37 °C by
using a CFX Connect Real-Time System (Bio-Rad, CA, USA).
Polyacrylamide Gel Electrophoresis (PAGE) Analysis.

For the PAGE assay, 10 μL of the reaction solution was
resolved on 15% polyacrylamide gel at 120 V for 90 min using
1X TBE as the running buffer. After ethidium bromide (EtBr)
staining, the gel was scanned using the ChemiDoc Imaging
System (Bio-Rad, CA, USA).
Clinical Sample Testing with the SHIAG Reaction.

Real clinical nasopharyngeal swab and sputum specimens (n =
100) were provided by Gyeongsang National University

Scheme 1. Schematic Illustration of the SHIAG Reaction for Detecting SARS-CoV-2
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College of Medicine and Severance Hospital. The specimens
were collected from individuals with suspected COVID-19
infection and stored in universal transport media at −70 °C.
The protocols for these studies were reviewed and approved by
the Institutional Review Board (IRB) of Gyeongsang National
University College of Medicine (IRB approval number: 2020-
10-002; Jinju, Korea) and Severance Hospital (IRB approval
number: 4-2020-0465; Seoul, Korea). The gRNAs of the
clinical specimens were extracted by using the AdvanSure
Nucleic Acid R kit (LG chem, Seoul, Korea) and subjected to
the SHIAG reaction according to the procedure as described
above.
Clinical Specimen Analysis with qRT-PCR. For the

clinical specimens provided by Gyeongsang National Uni-
versity College of Medicine, the qRT-PCR was carried out
following the manufacturer’s protocol of the Luna Universal
One-Step RT-qPCR Kit (New England Biolabs Inc., Beverly,
MA, USA). Reverse transcription (RT) was first conducted for

10 min at 55 °C, and the PCR was carried out for 1 min at 95
°C for initial denaturation, succeeded by 45 cycles of 10 s at 95
°C and 30 s at 60 °C. For the clinical samples acquired from
Severance Hospital, the qRT-PCR was carried out following
the manufacturer’s protocol of the Allplex 2019-nCoV assay kit
(Seegene Inc., Seoul, Korea). RT was first conducted for 20
min at 50 °C, and the PCR was carried out for 15 min at 95 °C
for initial denaturation, succeeded by 45 cycles of 15 s at 94 °C
and 30 s at 58 °C. Fluorescence signals of all specimens were
monitored each cycle by using a CFX96 Real-Time System
(Bio-Rad, CA, USA). The diagnostic call of each specimen was
provided based on Ct values calculated by built-in system
software.

■ RESULTS AND DISCUSSION
Working Principle of the SHIAG Reaction for

Detecting SARS-CoV-2. The working principle of the
SHIAG reaction for detecting SARS-CoV-2 is depicted in

Figure 1. Feasibility of the SHIAG reaction for detecting SARS-CoV-2 RNA. (a) Fluorescence emission spectra of ThT under various
combinations of reaction elements. (1) HP + Bst + ThT, (2) HP + target RNA + Bst + ThT, (3) HP + Bst + Nt.BstNBI + ThT, (4) HP + target
RNA + Bst + Nt.BstNBI + ThT, (5) G-rich sequence + ThT. The final concentrations of target RNA, HP, Bst, Nt.BstNBI, and ThT are 1 nM, 25
nM, 0.08 U/μL, 0.08 U/μL, and 25 μM, respectively. (b) PAGE image of the SHIAG reaction products. L: ultra-low range ladder, (1) target RNA,
(2) HP, (3) G-rich sequence, (4) HP + target RNA, (5) HP + target RNA + Bst, (6) HP + Bst, (7) HP + target RNA + Bst + Nt.BstNBI, (8) HP +
Bst + Nt.BstNBI. The final concentrations of target RNA, HP, Bst, and Nt.BstNBI are 200 nM, 500 nM, 0.16 U/μL, and 0.16 U/μL, respectively.
In this study, synthetic 40-mer RNA (Table S1) was used as target RNA.

Figure 2. Sensitivity of the SHIAG reaction for detecting SARS-CoV-2 gRNA. (a) Fluorescence emission spectra and (b) fluorescence intensity at
496 nm (F496) obtained from the SHIAG reactions with SARS-CoV-2 gRNA at various concentrations (0−10 pM). Inset in panel (b): linear
relationship between F496 and logarithmic SARS-CoV-2 gRNA concentration (1 fM-10 pM). Error bars were calculated from triplicate experiments.
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Scheme 1. The core element actuating the SHIAG reaction is
the uniquely designed HP containing four functional domains:
target binding region in stem and loop (black domain), self-
priming region along the 3′ end (red and purple domain), and
nicking endonuclease recognition site (orange domain) and G-
rich sequence template at the 5′ overhang (blue domain).
In the absence of target RNA, HP maintains its stable

hairpin structure in the solution as the self-primer region is
caged within the hairpin stem region, and no following
enzymatic reactions proceed. In the presence of target RNA,
however, the target binding region of HP hybridizes with target
RNA, which would disrupt its hairpin structure and rearrange
its 3′-end to be self-primed. The self-primed 3′ end is then
extended by DNA polymerase to produce a dsDNA

intermediate product (IP). During the extension, target RNA
is concomitantly displaced and recycled to open another HP.
Owing to the presence of a nicking endonuclease recognition
site within IP, continuously repeated nicking and extension
reactions would be promoted through the combined activity of
nicking endonuclease and DNA polymerase, consequently
generating abundant G-rich sequences. The G-rich sequences
finally produce the significantly enhanced fluorescence signals
by forming G-quadruplex structures and specifically interacting
with ThT, which can be used to identify target RNAs.
Feasibility of the SHIAG Reaction for Detecting SARS-

CoV-2. The detection feasibility of the SHIAG reaction was
verified by recording the fluorescence emission spectra
obtaining from the reactions under diverse combinations of
reaction elements (Figure 1a). First, when the sample
contained neither target RNA and nicking endonuclease, the
HP just kept its initial structure and no following enzymatic
reactions proceeded as evidenced by a very negligible
fluorescence signal (curve 1). Even when target RNA was
additionally applied, the fluorescence signal remained negli-
gible in the absence of nicking endonuclease (curve 2) because
free G-rich sequences cannot be produced from the IP without
the action of nicking endonuclease. Most importantly,
significant fluorescence enhancement was detected when all
reaction elements including HP, nicking endonuclease, and
DNA polymerase were applied to the positive sample
containing target RNA (curve 4), which was quite coincident
with the case where the synthetic G-rich sequences were
externally introduced to ThT (curve 5). Notably, a marginal
nonspecific fluorescence signal was detected from the negative
sample without target RNA but containing all the reaction
elements, indicating that the HP might be slightly rearranged
to actuate the reaction even without the interaction of target
RNA, which could be a limitation of the proposed strategy.
Nevertheless, the specific signal obtained from target RNA was
far greater and more than enough to be clearly discriminated
from the nonspecific signal. The results indicate that target
RNA is exclusively responsible to initiate the reaction, and
nicking endonuclease and also DNA polymerase are imperative
to promote the whole reaction to produce G-rich sequences,
which would lead to significantly enhanced fluorescence signals
through specific interaction with ThT.
We additionally carried out the PAGE assay for the reaction

elements and products generated from the SHIAG reaction
(Figure 1b) to further support the results from the
fluorescence emission spectra. First, the intense band
corresponding to the IP was correctly observed when the
samples contained the three elements required for the
production of IP, such as HP, target RNA, and DNA
polymerase (lane 5 and lane 7). On the other hand, the
initially applied HP was just kept unextended and no band for
the IP was observed when either DNA polymerase (lane 4) or
target RNA (lane 6 and lane 8) was omitted. Most importantly,
an intense band corresponding to the free G-rich sequence, the
final product of the SHIAG reaction was clearly observed only
from the solution comprising all the reaction elements
including HP, nicking endonuclease, DNA polymerase, and
target RNA (lane 7). Collectively, these results verify that the
SHIAG reaction is efficiently actuated by target RNAs and
works effectively as envisioned by the mechanism in Scheme 1.
Sensitivity of the SHIAG Reaction for SARS-CoV-2

Detection. To maximize the performance of the SHIAG
reaction, we optimized the reaction conditions by monitoring

Table 1. Comparison of SHIAG Method with Previous
SARS-CoV-2 Detection Methods

methods

limit of
detection
(copies/μL) limitations reference

qRT-PCR 1.25 requirement for reverse-
transcription step and thermal
cycler

52

RT-LAMP 100 requirement for multiple primers 53,54

RT-LAMP 100/158 requirement for multiple primers 55
RT-LAMP 50 requirement for multiple primers 56
RT-LAMP 0.2−2 requirement for multiple primers 57
paper COV-ID 380 requirement for multiple primers

and long preparation time
58

RT-LAMP-
Cas12

10 requirement for multiple primers
and CRISPR-Cas12a system

59

all-in-one dual
CRISPR-
Cas12a

5 requirement for multiple primers
and CRISPR-Cas12a system

60

RT-LAMP-
Cas13

25 requirement for multiple primers
and CRISPR-Cas13a system

61

EXPAR 72.6 false-positive signal 62
CHA 2.5 × 107 low sensitivity 63
NISDA 10 labeling with fluorophore and

quencher
64

SHIAG 114 marginal nonspecific signal This
work

Figure 3. Specificity of the SHIAG reaction for detecting SARS-CoV-
2 gRNA. Fluorescence enhancement ((F − F0)/F0, where the
fluorescence intensities at 496 nm without and with gRNAs are
indicated as F0 and F, respectively) obtained from the SHIAG
reactions with SARS-CoV-2 gRNA or other non-target gRNAs
including SARS-CoV gRNA, HCoV-HKU-1 gRNA, HCoV-OC43
gRNA, HCoV-NL63 gRNA, HCoV-229E gRNA, and MERS-CoV
gRNA. The concentration of each type of gRNA is 1 pM. Error bars
were calculated from triplicate experiments.
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the fluorescence enhancement generated from the SHIAG
reactions as (F − F0)/F0, where the fluorescence intensities at
496 nm of the reaction solutions without and with target RNA
are indicated as F0 and F, respectively. As shown in Figures
S1−S7, 37 °C, 25 nM HP, 0.5× ThermoPol reaction buffer,
0.75× NEBuffer 3.1, 0.08 U/μL of Bst, and 0.08 U/μL of
Nt.BstNBI, 60 min were optimal, which were employed
throughout further assays.
To evaluate the sensitivity of the SHIAG reaction, the

reaction was conducted by employing target gRNA at various
concentrations (0−10 pM) and the resulting fluorescence
signals were analyzed. As presented in Figure 2a, the

fluorescence intensity enhanced as concentration of SARS-
CoV-2 gRNA increased, and an excellent linear relationship
(F496 = 377.63 log(Ctarget(fM)) + 2173.9, R2 = 0.99) was
detected in the range of 1 fM to 10 pM when fluorescence
intensity at 496 nm (F496) was plotted as a function of
logarithmic SARS-CoV-2 gRNA concentration (Figure 2b),
revealing that the proposed method is fully capable for the
quantitative identification of SARS-CoV-2 gRNA. The limit of
detection (LOD) was determined to be 0.19 fM (114 copies/
μL) based on the equation: LOD = 3σ/S, where the standard
deviation of the blank and the slope of the calibration line are
indicated as σ and S, respectively. The LOD is comparable to
those from previous SARS-CoV-2 detection methods (Table
1). As shown in Table 1, the SHIAG reaction is capable of
SARS-CoV-2 detection without involving any exogenous
primers, multiple probes, prior labelings, and thermal cycling,
remarkably simplifying the detection procedure and presenting
prominent advantages over previous methods.
Specificity of the SHIAG Reaction for SARS-CoV-2

Detection. The detection specificity of the SHIAG reaction
for SARS-CoV-2 detection was next analyzed through
comparing the fluorescence enhancement obtained from target
SARS-CoV-2 gRNA with those from other types of HCoV
gRNAs including SARS-CoV gRNA, HCoV-HKU-1 gRNA,
HCoV-OC43 gRNA, HCoV-NL63 gRNA, HCoV-229E
gRNA, and MERS-CoV gRNA. As shown in Figure 3,
significantly enhanced fluorescence was examined only from
target SARS-CoV-2 gRNA, while only negligible fluorescence

Figure 4. Clinical specimen analysis with the SHIAG reaction. (a) Fluorescence enhancement ((F − F0)/F0, where the fluorescence intensities at
496 nm without and with gRNAs extracted from clinical specimens are indicated as F0 and F, respectively) obtained from the SHIAG reactions with
100 nasopharyngeal swab and sputum specimens. The threshold is calculated as background + 5SD, where the background represents the average
fluorescence enhancement of the blank and SD represents the standard deviation of the blank, which was used to call specimens positive (1−68) or
negative (69−100). Error bars were calculated from triplicate experiments. (b) Heat map of (F − F0)/F0 values from testing on 100 clinical
specimens using the SHIAG reaction.

Table 2. Clinical Specimen Analysis for 68 Positive and 32
Negative Cases with qRT-PCR and the SHIAG Method

diagnostic parameter qRT-RCR SHIAG

positive true 68 68
false

negative true 32 32
false

sensitivity (%) 100 100
(95% CI%)a (94.72−100) (94.72−100)

specificity (%) 100 100
(95% CI%)a (89.11−100) (89.11−100)

aConfidence interval (MedCalc software, version 20.027).
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enhancement was observed from all non-target gRNAs. The
results verify that the specific binding between the HP and
target RNA needs to be essentially proceeded to properly
promote the SHIAG reaction, ensuring the excellent specificity
of the SHIAG reaction only toward the target RNA.
Clinical Applicability of the SHIAG Reaction. The

clinical applicability of the SHIAG reaction was lastly
demonstrated by monitoring the fluorescence signals resulting
from the reactions with gRNAs extracted from real clinical
nasopharyngeal swab and sputum specimens (n = 100). As
shown in Figure 4a, 68 specimens among total 100 specimens
produced significant fluorescence increases from the SHIAG
reactions and were called positive based on the general
threshold guideline of background + 5SD, where the
background and SD represent the average fluorescence
enhancement of the blank and the standard deviation of the
blank, respectively.65 The remaining 32 specimens produced
only very negligible fluorescence increases and were called
negative. All the fluorescence increase (F − F0)/F0 values for
100 clinical specimens were displayed in the corresponding
heat map to more vividly visualize the results by color (Figure
4b), which further manifests the clear discrimination of
positive specimens against negative specimens. We also
conducted the testing for the same 100 clinical specimens
but using the current gold standard qRT-PCR method. As the
results presented in Table 2 and Table S2, the qRT-PCR
identified the same 68 specimens as positive and the same 32
specimens as negative, which fully agreed with the SHIAG
method. By using the diagnostic call from qRT-PCR as
reference, the SHIAG reaction successfully confirmed all the
100 clinical specimens with 100% clinical sensitivity and
specificity, verifying that the proposed strategy could reliably
test COVID-19 specimens in practical clinical applications and
could replace the current qRT-PCR.

■ CONCLUSIONS
The development of testing methods to accurately and rapidly
identify infected individuals at scale is an urgent goal to
efficiently contain the current COVID-19 pandemic. We
herein proposed a new isothermal amplification strategy
termed the SHIAG reaction and successfully identified
SARS-CoV-2 gRNA as low as 0.19 fM (114 copies/μL) with
excellent selectivity. The clinical capability of the SHIAG
reaction was further verified by reliably testing 100 clinical
specimens with 100% clinical sensitivity and specificity,
confirming its robust clinical applicability.
The SHIAG reaction described in this work yields several

distinct advantages for nucleic acid detection. First, due to the
unique design of the HP possessing the elemental fractions to
enable from the initial self-priming to the final signaling, the
final fluorescent signals could be produced instantly upon its
binding to target RNA without involving any exogenous
primers but only a single HP is enough to actuate the whole
isothermal process. Second, the SHIAG reaction continuously
displaces and recycles the bound target RNA, consequently
achieving ultrasensitive detection for target RNA even under
the isothermal condition. Third, the final G-rich sequences
produced through continuously repeated nicking and extension
reactions produce the signal just by interacting with ThT,
eliminating the need for any prior labelings. This technique
could be generally applied to identify other pathogens by
simply redesigning the flexible HP sequence according to the
target and thereby has a great potential to be a new robust

isothermal tool enabling facile molecular testing of new
emerging pathogens.
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