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A B S T R A C T   

We herein present a multifunctional self-priming hairpin probe-based isothermal amplification, termed MSH, 
enabling one-pot detection of target nucleic acids. The sophisticatedly designed multifunctional self-priming 
hairpin (MSH) probe recognizes the target and rearranges to prime itself, triggering the amplification reaction 
powered by the continuously repeated extension, nicking, and target recycling. As a consequence, a large number 
of double-stranded DNA (dsDNA) amplicons are produced that could be monitored in real-time using a dsDNA- 
intercalating dye. Based on this unique design approach, the nucleocapsid (N) and the open reading frame 1 ab 
(ORF1ab) genes of SARS-CoV-2 were successfully detected down to 1.664 fM and 0.770 fM, respectively. The 
practical applicability of our method was validated by accurately diagnosing 60 clinical samples with 93.33% 
sensitivity and 96.67% specificity. This isothermal one-pot MSH technique holds great promise as a point-of-care 
testing protocol for the reliable detection of a wide spectrum of pathogens, particularly in resource-limited 
settings.   

1. Introduction 

Molecular diagnostics, notably exemplified during the COVID-19 
pandemic, holds immense significance in swiftly and accurately identi
fying diseases, guiding treatment decisions, and tracking infectious 
outbreaks (Kim et al., 2024; Yuce et al., 2021). Polymerase chain reac
tion (PCR) is the gold standard method in molecular diagnostics by 
amplifying target nucleic acids through cycles of denaturation, anneal
ing, and extension (Kifaro et al., 2022). However, PCR requires precisely 
controlled temperature cycling and expensive equipment, limiting its 
use in resource-limited settings. To overcome this limitation, several 
types of isothermal amplification techniques have been developed such 
as strand displacement amplification (SDA) (Shi et al., 2014), rolling 
circle amplification (RCA) (Lee et al., 2022), loop-mediated isothermal 

amplification (LAMP) (Soroka et al., 2021), nucleic acid sequence-based 
amplification (NASBA) (Cook, 2003), and exponential amplification 
reaction (EXPAR) (Lee et al., 2020; Reid et al., 2018). These methods 
typically require multiple primer sets, probes, and/or multiple enzymes 
to achieve isothermal amplification of target nucleic acids (Oliveira 
et al., 2021; Zhao et al., 2015). 

Among them, strategies that utilize the combinatorial activities of 
nicking endonuclease and DNA polymerase, represented by EXPAR, 
have gained great attention because they could offer superior amplifi
cation capability over alternative methods (Cao et al., 2022). By taking 
advantage of the high amplification capability, the same amplifying 
approach has been also coupled into several conventional isothermal 
techniques. This has significantly improved the amplification efficiency 
by about 2–3 orders of magnitude, exemplified by the recently 
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developed nicking and extension chain reaction system-based amplifi
cation (NESBA) (Ju et al. 2021, 2022) and netlike rolling circle ampli
fication (NRCA) (Song et al., 2022; Zhu et al., 2015) techniques. 
However, these strategies still require multiple primers and/or high 
reaction temperatures, leaving considerable room for the development 
of more advanced methods. 

A hairpin structure is a specific type of DNA secondary structure 
formed by a loop of single-stranded nucleic acid and a self- 
complementary double-stranded stem region. In the field of nucleic 
acid detection, hairpin structures have proven to be multifunctional, 
recognizing target nucleic acids and also initiating subsequent second
ary reactions. Hairpin-based approaches typically depend on a process 
where the hairpin structure unfolds as the target nucleic acid binds to 
the loop region, triggering the intended reactions in the now accessible 
stem region (Kim et al., 2020; Li et al., 2022; Song et al., 2020). Since the 
hybridized stem region provides structural constraints on the hairpin 
opening, more stringent complementarity is required for the binding 
between the loop and target sequences, consequently resulting highly 
enhanced specificity (Bonnet et al., 1999). These properties have led to 
the advancement of hairpin-based biosensing technology, represented 
by catalytic hairpin assembly and hybridization chain reaction (Do 
et al., 2021; Kim et al., 2020; Zhang et al., 2023). The methods have 
become a critical platform for the specific detection of target nucleic 
acids and have achieved success in the diagnosis of COVID-19 (Karami 
et al., 2021; Kashefi-Kheyrabadi et al., 2022). 

Based on this background, we developed a multifunctional self- 
priming hairpin probe-based isothermal amplification (MSH) method 
powered by the hairpin structure and the amplification through the 
combined activities of nicking enzyme and DNA polymerase. Moreover, 
we successfully applied this technique to identify SARS-CoV-2 genomic 
RNA (gRNA) as a model target under an isothermal condition. 

2. Experimental section 

2.1. Materials 

All DNA oligonucleotides used in this study were synthesized and 
polyacrylamide gel electrophoresis (PAGE)-purified by Genotech Co. 
(Daejeon, Republic of Korea). RNA oligonucleotides were synthesized 
and high-performance liquid chromatography (HPLC)-purified by IDT 
(Coralville, IA, USA). The oligonucleotide sequences are listed in 
Table S1. Klenow Fragment DNA Polymerase (exo-) (KF) and 10 × KF 
buffer (100 mM Tris-HCl, 100 mM MgCl2, 10 mM dithiothreitol (DTT), 
500 mM NaCl, pH 7.9) were purchased from Enzynomics (Daejeon, 
Republic of Korea). Nt.AlwI, 10 × CutSmart buffer (200 mM Tris-acetate 
(Ac), 500 mM KAc, 100 mM Mg(Ac)2, 1 mg/mL bovine serum albumin 
(BSA) (pH 7.9), and deoxynucleotide solution mixture (dNTPs) were 
purchased from New England Biolabs Inc. (Beverly, MA, USA). 10000 ×
SYBR Green I was purchased from Invitrogen (Carlsbad, CA, USA). The 
gRNAs of SARS-CoV-2 (BetaCoV/Korea/KCDC03/2020), Middle East 
respiratory syndrome coronavirus (MERS-CoV), and human coronavirus 
(HCoV) NL63 (HCoV-NL63) were provided by the National Culture 
Collection for Pathogens (NCCP) (Cheongju, Republic of Korea), and 
those of HCoV-229E, HCoV-OC43, respiratory syncytial virus (RSV), and 
influenza A virus subtype H3N2 (H3N2) were purchased from the Korea 
Bank for Pathogenic Viruses (KBPV) (Seoul, Republic of Korea). Ultra
pure DNase/RNase-free distilled water (DW) was purchased from Bio
neer® (Daejeon, Republic of Korea) and used in all the experiments. All 
other chemicals were of analytical grade and were used without further 
purification. 

2.2. MSH protocols to detect SARS-CoV-2 

To confirm that the designed MSH probe could form a stable and 
intended hairpin structure at 37 ◦C, the secondary structures and Gibbs 
free energy changes of the probe were monitored using Oligo Analyzer 

version 3.1 (IDT). 20 μL of MSH reaction solutions were prepared by 
mixing 2 μL of MSH probe (1 μM), 2 μL of dNTPs (2.5 mM each), 1 μL of 
20 × SYBR Green I, 0.5 μL of KF (5 U/μL), 0.4 μL of Nt.AlwI (10 U/μL), 
10.1 μL of DW, and 2 μL of target RNA. The solution was then incubated 
at 37 ◦C, and the fluorescence signal of SYBR Green I was monitored at 
30 s intervals using a CFX Connect™ Real-Time System (Bio-Rad, Her
cules, CA, USA). 

2.3. PAGE analysis and melting curve analysis 

For PAGE analysis, a 10 μL aliquot of the reaction solution was mixed 
with 2 μL of 6 × loading buffer (Bioneer®) and run on a 15% poly
acrylamide gel at a constant voltage of 120 V for 90 min using 1 × tris/ 
borate/ethylenediaminetetraacetic acid (TBE) as the running buffer. 
After GelRed staining for 15 min, the gel image was captured using a 
ChemiDoc™ Imaging System (Bio-Rad). For melting curve analysis, 20 
μL of the reaction components or products containing 1 × SYBR Green I 
were heated at 37 ◦C for 10 min. The fluorescence signal was measured 
using a CFX Connect™ Real-Time System (Bio-Rad) by increasing the 
temperature to 90 ◦C in 0.5 ◦C increments every 5 s. The first derivative 
of the fluorescence curve [-d(RFU)/dT] was used to determine the 
melting temperature. 

2.4. COVID-19 testing of clinical samples 

A total of 60 clinical samples (43 nasopharyngeal swabs and 17 
sputa) were collected from individuals suspected of having SARS-CoV-2 
infection and placed in Universal Transport Medium (Asanpharm, Seoul, 
Republic of Korea) by Severance hospital (IRB approval number: 4- 
2020-0465; Seoul, Republic of Korea). The gRNAs of clinical samples 
were extracted using the AdvanSureTM Nucleic Acid R Kit (LG chem, 
Seoul, Republic of Korea). 2 μL of the extracted gRNAs were subjected to 
the MSH reaction as described above. 

Quantitative reverse transcription PCR (qRT-PCR) was performed 
using Allplex™ 2019-nCoV assay Kit (Seegene, Seoul, Republic of 
Korea). RT was performed at 50 ◦C for 20 min, followed by denaturation 
at 95 ◦C for 15 min. Then, PCR was performed by 45 cycles of 15 s at 
94 ◦C and 30 s at 58 ◦C. The fluorescence signal was measured at each 
cycle using a CFX Connect™ Real-Time System (Bio-Rad). Diagnostic 
decisions were made for each clinical sample based on the Ct values (i.e., 
threshold cycle) determined by the embedded system software. 

3. Results and discussion 

3.1. Operating principle of the MSH reaction 

As illustrated in Fig. 1, the MSH probe employed as a key component 
in this work is a hairpin structure extended by overhangs at both the 3′ 
and 5′ ends. The target is recognized by the two target-complementary 
domains (blue) located at the 5′ overhang and the loop, separated by 
the target-independent stem region (purple). The hairpin loop also 
contains the complement (RS*) of Nt.AlwI recognition sequence (RS; 5′- 
GGATCNNNN↓N-3′) (thick black). The 3′ overhang is the self-priming 
tail (red), which would fold back to initiate an extension reaction 
upon opening of the hairpin due to its complementarity with the part of 
stem. At the reaction temperature of 37 ◦C, the closed hairpin structure 
with a 14 base-pair (bp) stem (structure A with ΔG of − 11.44 kcal/mol 
in Fig. S1) is more stable than the opened fold-back structure with 6 bp 
complementarity (structure A′ with ΔG of − 6.95 kcal/mol in Fig. S1). 
Thus, structure A keeping the closed hairpin structure is the predomi
nant form of MSH under the reaction condition, preventing the self- 
priming and subsequent non-specific enzymatic reactions without a 
target. 

When target RNA is present, it binds to the two target recognition 
regions of the MSH probe, causing a rearrangement of the hairpin 
structure and exposing the hairpin stem, which would allow the self- 
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priming tail to fold back. KF then extends the fold-backed 3’ end of the 
MSH probe, producing a double-stranded DNA product (dsMSH) and 
concomitantly displacing the hybridized target nucleic acid. The 
released target is then recycled and participates in another MSH opening 
reaction (cycle 1). Since the dsMSH is to contain a double-stranded Nt. 
AlwI recognition site, repeated cycles of cleavage and extension re
actions would be promoted from the dsMSH through the combined ac
tivities of KF and Nt.AlwI. As a result, a large number of target- 
mimicking triggers are produced, which could trigger other MSH 
opening reactions through binding to free MSH probes like the original 
target nucleic acids, further accelerating the amplification reaction 
(cycle 2). These interconnected iterative reactions finally produce a 
large number of dsMSH that could be monitored in real-time by a 
double-stranded DNA (dsDNA)-specific fluorescent dye (SYBR Green I), 
allowing one-pot detection of the target nucleic acid under isothermal 
conditions. 

In the MSH probe, the stem sequence is kept constant to maintain 
stable amplification efficiency regardless of the target sequence. The 
hairpin structure has two distinct target recognition sites: one in the loop 
and another at the 5′ overhang. The interaction of the loop with the 
target is critical for changing the configuration of the hairpin, while the 
5’ overhang helps to align the target sequence without independently 
initiating the opening of the hairpin (Fig. S2). This design ensures that 
the reaction is effectively triggered by the presence of target RNA, as 
evidenced by the lower ΔG value for the full-length target interaction 
compared to loop-only binding. 

3.2. Feasibility of the MSH reaction 

To verify the feasibility of the MSH approach, the sequence from the 
SARS-CoV-2 N gene was selected as a model target. Comparative ex
periments were then performed under different combinations of 

reaction components. As shown in Fig. 2a, a significant increase in 
fluorescence signal was observed only in the sample containing all re
action components, including MSH, KF, Nt.AlwI, and target RNA (curve 
2). In contrast, a negligible fluorescence signal was observed when the 
target RNA was excluded (curve 1). When any one of the reaction 
components (MSH, KF, and Nt.AlwI) was missing, the fluorescence 
enhancement was negligible even in the presence of the target RNA 
(curves 3, 4, and 5). We also examined the two control hairpin probes 
having the same target recognition sequence as the MSH probe but 
without the 3′ tail or with a random 3’ tail sequence (Fig. S3), which are 
supposed to lack the ability to promote self-priming rearrangement. As 
expected, only negligible fluorescence signals were observed in these 
cases (Figs. S3b and c). All these results confirm that the MSH reaction 
was properly initiated by the target RNA and operated to produce the 
fluorescence signals with the cooperation of all the reaction components 
including the uniquely designed MSH probe capable of self-priming in 
the presence of the target. 

Next, we performed PAGE analysis of the reaction components and 
products (Fig. 2b). M1–5 are the lanes for MSH probe, synthetic target 
RNA, target-mimicking trigger, MSH probe complexed with target, and 
MSH probe complexed with trigger, respectively. Lane 1 shows bands 
from all reaction components, including MSH, KF, and Nt.AlwI but 
without target RNA. As expected, there was no band observed for the 
final product, dsMSH in this case, but a weak band slightly below the 
dsMSH band was observed that is assumed to be the band for the MSH/ 
trigger duplex (M5 lane), indicating that the MSH probe might be 
slightly opened and a marginal amount of target-mimicking trigger 
could be produced even without the target. In the presence of target 
RNA together with MSH, KF, and Nt.AlwI (lane 2), three bands corre
sponding to dsMSH (green box), recycled free target RNA (red box), and 
target-mimicking trigger (navy box) were clearly observed, but the band 
for the MSH probe almost disappeared, indicating that all the applied 

Fig. 1. Schematic illustration of the MSH method for target nucleic acid detection.  
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MSH probes are already involved in the reactions. We also examined the 
band patterns of the negative controls omitting one of the key compo
nents: MSH (lane 3), KF (lane 4), and Nt.AlwI (lane 5). Our observations 
confirmed the absence of the target-mimicking trigger band, a key 
product, in all these lanes. The band for dsMSH, indicating the final 
product, was observed in lane 5 as a result of the target-induced self- 
priming event but its amount was lower than that in lane 2, suggesting 
its slower reaction rate compared to the reaction accelerated by Nt.AlwI. 
Overall, the PAGE analysis concretely supports the real-time fluores
cence results and confirms that the MSH method works as proposed in 
Fig. 1. 

In addition, we conducted a melting curve analysis of the products 

(Fig. S4) after 10 min of the MSH reaction in the presence (red) and 
absence (black) of target RNA (Fig. S4c). As a result, two distinct peaks, 
corresponding to the MSH/trigger (Tm = 81 ◦C) and dsMSH (Tm =

86 ◦C), were observed only from the sample containing the target RNA, 
further confirming the proper operation of the MSH reaction. 

3.3. Sensitivity and selectivity of the MSH reaction 

To maximize the efficiency of the MSH reaction, we conducted an 
optimization of various reaction conditions including the length of the 
self-priming tail, the concentrations of MSH probe and enzymes, and the 
reaction temperature. The optimization was performed by comparing 

Fig. 2. Feasibility of the MSH method. (a) Real-time fluorescence curves during the MSH reactions under various reaction components (1: MSH probe + KF + Nt. 
AlwI, 2: MSH probe + KF + Nt.AlwI + target RNA, 3: KF + Nt.AlwI + target RNA, 4: MSH probe + Nt.AlwI + target RNA, 5: MSH probe + KF + target RNA). The final 
concentrations of target RNA, MSH probe, KF, and Nt.AlwI are 5 nM, 50 nM, 0.125 U/μL, and 0.5 U/μL, respectively. (b) PAGE image of the MSH products (M: 10 bp 
DNA ladder, M1: MSH probe, M2: target RNA, M3: target-mimicking trigger, M4: MSH probe + target RNA, M5: MSH probe + target-mimicking trigger, 1: MSH 
probe + KF + Nt.AlwI, 2: MSH probe + KF + Nt.AlwI + target RNA, 3: KF + Nt.AlwI + target RNA, 4: MSH probe + Nt.AlwI + target RNA, 5: MSH probe + KF +
target RNA). The final concentrations of target RNA, MSH probe, KF, and Nt.AlwI are 100 nM, 100 nM, 100 nM, 0.125 U/μL, and 0.5 U/μL, respectively. 

Fig. 3. Sensitivity and selectivity of the MSH method for the detection of SARS-CoV-2 N RNA. (a) Real-time fluorescence curves during the MSH reactions over a 
range of target RNA concentrations from 10 fM to 10 nM. Threshold line (fluorescence intensity = 500 a.u.) is marked as gray dashed line. (b) Plot of Tt value against 
the logarithm of target RNA concentration (Ctarget). Tt is defined as the reaction time at which the real-time fluorescence signal crosses the threshold line in Fig. 3a. 
Red dotted line is linear fit. Error bars were determined from triplicate measurements. (c) Real-time fluorescence curves during the MSH reactions with target (SARS- 
CoV-2 N RNA) and non-target RNAs (SARS-CoV-2 E, RSV-1, RSV-2, and H3N2 RNAs) (Ctarget and Cnon-target = 1 nM). Threshold line is marked as gray dashed line. (d) 
Specificity of the MSH reaction with non-target RNAs exhibiting few mismatches (Ctarget and Cnon-target = 1 nM). The specificity index (S.I.) is defined as 1-[(Tt(MM)- 
Tt(PM))/Tt(PM)], where the Tt(PM) and Tt(MM) are the threshold times from the samples containing perfectly matched target RNA and mismatched target RNA. The 
S.I. values are visually represented as a heatmap. In the label N20-Mx-y, ‘x’ indicates the number of mismatches, and ‘y’ specifies the sites of mismatches. Mismatches 
within the sequence are indicated in red. 
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the real-time fluorescence signals obtained from the reaction mixtures 
with target RNA to those obtained from the reaction mixtures without 
target RNA. The threshold time (Tt) was defined as the reaction time at 
which the real-time fluorescence signal crossed the threshold line (500 
a.u.). We focused on maximizing the difference in Tt values between the 
positive signal and the background signal, while reducing the overall 
reaction time with faster amplification. As a result, the optimal condi
tions for the MSH method were selected as 6-mer self-priming tail, 50 
nM MSH probe, 0.125 U/μL KF, 0.2 U/μL Nt.AlwI, and reaction tem
perature of 37 ◦C (Figs. S5–9). It is noteworthy that the length of the self- 
priming tail is crucial for effective initiation of the MSH reaction. The 
results indicated that a 6-mer tail provided optimal amplification effi
ciency. Shorter tails were less efficient in amplification, while the 7-mer 
tail resulted in a rapid, indistinct background signal, likely due to the 
formation of secondary hairpin structures even in the absence of target 
RNA. 

To determine the sensitivity of the MSH strategy, we monitored real- 
time fluorescence signals from the MSH reaction over a range of target 
RNA concentrations from 10 fM to 10 nM (Fig. 3a). The plot of Tt value 
against the logarithm of target RNA concentration (Ctarget) showed an 
excellent linear relationship (Tt = − 6 log Ctarget – 40.476, R2 = 0.995), 
allowing for the quantitative detection of target RNA (Fig. 3b). The limit 
of detection (LOD) was determined to be 16.57 fM using the formula 
(limit of blank (LOB) = mean of blank + 1.645 × standard deviation of 
blank, LOD = LOB + 1.645 × standard deviation of lowest concentration 
sample) (Armbruster and Pry, 2008). This LOD is comparable to or 
better than previous isothermal amplification methods (Table S2). 

The specificity of the MSH reaction was also evaluated by comparing 
the fluorescence signals from the target SARS-CoV-2 N gene with several 
non-target synthetic RNAs of the SARS-CoV-2 envelope (E) gene, RSV, 
and H3N2 (Table S1). The results showed that a highly enhanced fluo
rescence signal was produced only from the target RNA (red curve in 
Fig. 3c) while fluorescence signals from non-target RNAs or the negative 
control were negligible (navy, blue, green, yellow, and black curves in 
Fig. 3c), verifying the excellent specificity of the MSH method. We 
further evaluated the specificity of the MSH method against mismatched 
target RNAs (Fig. 3d and S10). Fig. S10a shows that a 20 nt RNA (N20) 
resulted in a delayed fluorescence response (higher Tt value) compared 
to the full-length sequence (N60), likely due to the lower affinity of N20 
for the MSH probe. To quantitatively assess specificity, we introduced a 
specificity index (S.I.), defined as 1 - [(Tt(MM) - Tt(PM))/Tt(PM)], 

comparing threshold times for perfectly matched (PM) and mismatched 
(MM) target RNAs. Mismatches resulted in reduced S.I. values, indi
cating slower probe opening. In particular, a cytosine mismatch at po
sition 7 significantly affected specificity, as shown by variants N20-M1- 
7, N20-M2-7, 14, and N20-M3-7, 11, 14 in Fig. 3d. These results confirm 
the ability of the MSH method to accurately identify the target sequence 
even with minor mismatches. 

3.4. MSH reaction for COVID-19 diagnosis 

To verify the practical capability of the MSH method, it was applied 
to detect two genes from SARS-CoV-2 gRNA: N and ORF1ab (Fig. 4a). 
The ORF1ab and N genes are frequently targeted for COVID-19 detection 
due to their important roles in the viral replication and structure. These 
regions have been found to persist longer in COVID-19 positive patients 
compared to other viral genes, making them reliable targets for detec
tion assays (Zhou et al., 2020; Zhu et al., 2022). First, the MSH probe 
targeting N gene was employed to detect SARS-CoV-2 gRNA, which 
showed that Tt values correctly decreased with increasing concentra
tions of SARS-CoV-2 gRNA (Ctarget) (Fig. 4b). The plot of Tt value against 
the logarithm of Ctarget showed an excellent linear relationship (Tt =

− 6.85 log Ctarget - 58.3, R2 = 0.997) with an LOD of 1.664 fM. Next, we 
designed another MSH probe to detect ORF1ab gene (MSH-ORF1ab) 
simply by putting the ORF1ab gene-specific sequence to the loop while 
keeping the same stem and 3’ overhang sequences with the N gene. As 
shown in Fig. 4c, the MSH reaction also successfully identified the 
ORF1ab gene of SARS-CoV-2 gRNA down to 0.770 fM yielding an 
excellent linear relationship (Tt = − 6.55 log Ctarget – 54.87, R2 = 0.985). 
Like this, the MSH reaction could be easily adaptable to the detection of 
different target sequences by simply modifying only the target recog
nition regions of the MSH probe. Next, the specificity of the MSH method 
against gRNAs from different viruses was evaluated. Fig. 4d shows that a 
highly enhanced fluorescence signal was observed only from the target 
SARS-CoV-2 gRNA, while the fluorescence signals from the non-target 
viruses such as MERS-CoV, HCoV-NL63, HCoV-229E, HCoV-OC43, 
RSV, and H3N2 were negligible. These results confirmed the exceptional 
specificity of the MSH system in identifying target SARS-CoV-2 gRNA. 

The faster amplification observed with gRNA compared to synthetic 
RNA targets is an interesting phenomenon. This difference becomes less 
pronounced at lower target concentrations, suggesting that non-target 
sequences within the gRNA may inadvertently facilitate the opening of 

Fig. 4. Detection of SARS-CoV-2 gRNA using the MSH method. (a) Target sequences of SARS-CoV-2 N and ORF1ab genes. The SARS-CoV-2 genome based on NCBI 
sequence MN908947.3 was used. (b, c) Plots of Tt value against the logarithm of SARS-CoV-2 gRNA concentration (Ctarget) when targeting (b) N and (c) ORF1ab 
genes, respectively. Error bars represent the standard deviation from triplicate measurements. The red dotted lines indicate linear fits. (d) Real-time fluorescence 
curves during the MSH reactions with target (SARS-CoV-2 gRNA) and non-target gRNAs (MERS-CoV, HCoV-OC43, HCoV-229E, HCoV-NL63, RSV, and H3N2) (Ctarget 
and Cnon-target = 10 pM). 
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the hairpin structure in a dense molecular environment. In addition, the 
use of carrier RNA during gRNA extraction may also contribute to this 
acceleration by interacting with the gRNA sequences to promote hairpin 
opening. However, as shown in Fig. 4d, the lack of amplification with 
other gRNAs confirms the specificity of the MSH method for SARS-CoV-2 
gRNA. 

Finally, the clinical potential of the MSH method was assessed by 
detecting the SARS-CoV-2 N gene in 60 clinical samples including 
nasopharyngeal swabs (NPS) and sputum samples. As illustrated in 
Fig. 5a, RNA was extracted from the collected clinical samples and 
subjected to the MSH reaction. For this study, we introduced a new 
variable, ‘45-Tt’ to represent the amount of SARS-CoV-2. If the fluores
cence intensity does not reach the threshold line even after 45 min of the 
MSH reaction, the 45 - Tt value was assigned as zero. The experimental 
result was visually depicted as a heatmap in Fig. 5b and quantitatively 
presented as a scatter plot in Fig. 5c. Both Fig. 5b and c depicted a 
pronounced distinction between the positive and negative groups, in 
alignment with qRT-PCR results, with a significant statistical p-value (p 
< 0.0001). Receiver operating characteristic (ROC) curve analysis was 
used to evaluate the ability of the MSH method to discriminate between 
positive and negative samples. The analysis revealed an area under the 
curve (AUC) of 0.9489 ± 0.034 with a 95% confidence interval (CI) of 

0.8823–1.000 and a p-value of less than 0.0001 (Fig. 5d). This AUC 
value is considered indicative of high diagnostic accuracy (Carter et al., 
2016). Using Youden’s index (Fluss et al., 2005), we determined an 
optimal cut-off point of 7, at which the MSH method achieved a sensi
tivity of 93.33% and a specificity of 96.67%, further confirming the high 
diagnostic accuracy of the method. 

4. Conclusion 

The MSH method offers several advantages over existing isothermal 
nucleic acid detection techniques. First, the MSH method requires only a 
single hairpin probe, contrary to many previous isothermal amplifica
tion methods that require multiple primers (Table S2). This simplicity is 
due to the probe’s self-priming tail acting as a primer, reducing the 
complexity of the reaction and lowering non-specific background sig
nals. Second, sensitive target detection is achieved through the contin
uous recycling of target nucleic acid by the self-priming tail extension- 
mediated strand displacement. The production of target-mimicking 
triggers further boosts amplification, resulting in the limit of detection 
(LOD) of the MSH method being comparable to or better than that of 
previous isothermal amplification methods (Table S2). Third, the 
modular design of the MSH probe allows for easy adaptation to different 

Fig. 5. MSH reaction for COVID-19 diagnosis. (a) Schematic illustration of COVID-19 diagnosis using the MSH method. (b) Heatmap of 45 - Tt values obtained by 
MSH reactions of 60 clinical samples. (c) Scatter plot of 45 - Tt values obtained by MSH reactions in the positive (N = 30) and negative (N = 30) group (n = 2, p <
0.0001; two-tailed Student’s t-test with Welch’s correction). (d) ROC curve evaluating performance of MSH with 30 positive and 30 negative clinical samples. ROC 
analysis was performed with the standard parameters in Prism 10, using Wilson/Brown method for CI calculation. All statistical analyses were performed at 95% 
confidence level. 
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target sequences by simply changing the target recognition region while 
preserving the other sequences. We successfully detected the N and 
ORF1ab genes of SARS-CoV-2 using the MSH method with the different 
MSH probes. Additionally, the probe’s two separate target recognition 
domains ensure high specificity, as the reaction initiates only when the 
target properly hybridizes with both the 5′ overhang and the loop of the 
MSH probe. These features enabled the MSH method to diagnose 
COVID-19 in 60 clinical samples with a 93.33% sensitivity and 96.67% 
specificity. We anticipate that the MSH method, as presented here, can 
find broad applications in the detection of diverse nucleic acids, making 
significant contributions to fields such as disease diagnosis, environ
mental monitoring, food safety, forensics, and beyond. 
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