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A B S T R A C T

Recombinase polymerase amplification (RPA) is one of the most widely used isothermal amplification methods 
and considered to be a promising tool for point-of-care testing (POCT) molecular diagnosis. However, RPA is 
prone to have nonspecific amplification occur, due to the poor recognition accuracy of polymerase and 
recombinase, which severely hindered its clinical application. It is important to improve the specificity of RPA 
further. Herein, we developed a novel nucleic acid testing method termed phosphorothioate dNTP (dNTPαS) 
assisted RPA (S-RPA) that employs dNTPαS as substrates to suppress nonspecific amplification effectively. We 
found that dNTPαS could improve the recognition accuracy of Bsu polymerase and recombinase, thereby 
enhancing their amplification specificity. Our S-RPA provided much higher specificity (approximately 40 % 
improvement compared to classical RPA), realizing detection target with single nucleotide mutation. Based on its 
outstanding performance, we further combined the S-RPA with CRISPR/Cas12a to achieve highly specific and 
sensitive fluorescence detection, namely S-RPA equipped with CRISPR/Cas12a amplifier (SPECIAL). Our SPE
CIAL was more sensitive (10-fold higher) than the classical RPA-CRISPR/Cas12a assay, offering 100 % agreement 
with the qPCR during clinical validation. In summary, a strategy based on dNTPαS was established to enhance 
the specificity of RPA, thereby improving its practicability and providing a potential POCT tool for molecular 
diagnosis.

1. Introduction

Nucleic acid testing based on isothermal amplification is considered 
to be one of the most promising tools for POCT molecular diagnosis due 
to its sensitivity, rapidity, robustness, and economy (Dong et al., 2022; 
Tian et al., 2020; Wei et al., 2023). Over the last two decades, a number 
of isothermal amplification technologies have been developed (Yan 
et al., 2014; Akhavan et al., 2012), such as RPA, loop-mediated 
isothermal amplification (LAMP), strand displacement amplification, 

exponential isothermal amplification reaction, and so on (Luo et al., 
2021a, 2023; Zhang et al., 2024). For these methods, RPA is widely used 
in modern biological and clinical diagnosis (Daher et al., 2016). RPA 
adopts three proteins (i.e., recombinase, Bsu polymerase and 
single-stranded DNA binding protein) to realize exponential amplifica
tion (Del et al., 2019; Piepenburg et al., 2006). Although RPA is simple, 
fast, and sensitive, nonspecific amplification should not be ignored (Cui 
et al., 2022; Munawar et al., 2022).

In RPA, the recombinase forms a recombinase/primer filament, and 
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the ssDNA primer invades the target dsDNA and initiates strand ex
change, followed by dNTP incorporation and Bsu-mediated extension 
from the 3′ end of the primer, ultimately resulting in the exponential 
amplification of the target DNA (Del et al., 2019; Piepenburg et al., 
2006). Consequently, the specificity of RPA is mainly dependent on the 
recognition accuracy of recombinase and Bsu polymerase. However, the 
accuracy of homologous recombination is not always satisfactory. Zhang 
et al. demonstrated that recombinase/primer filament can tolerate 
mismatches with a minimum of 18 (23 %) bases in an 80-mer DNA 
sequence (Zhang et al., 2001). In addition, Bsu polymerase is prone to 
trigger nonspecific amplification, leading to false positives. Emery et al. 
have shown that Bsu polymerase was capable of producing nonspecific 
nucleic acid in the presence of T7 RNAP, dNTPs and a single-stranded 
DNA (Emery et al., 2018). As a result, RPA tends to occur nonspecific 
amplification, consequently hampering its further development and 
clinical application (Cui et al., 2022; Munawar et al., 2022). Therefore, it 
is very important for RPA to increase its specificity to meet the strict 
requirements of clinical application.

Phosphorothioate triphosphates (dNTPαS) is a 5′-(α-P-Thio)-modi
fied dNTP analogue (Eckstein et al., 2000). Mizrahi et al. demonstrated 
that dNTPαS can be well recognized by DNA polymerase as a substrate 
(Mizrahi et al., 1985). Studies have shown that dNTPαS can perturb DNA 
polymerases and decrease the rate of DNA polymerization, ultimately 
increasing the recognition accuracy of polymerase (Hu et al., 2020). 
Furthermore, research indicated that phosphorothioate substitution in 
dsDNA possesses the inherent decreased helix stability (Kellner et al., 
2017). The stability of duplex is highly correlated with the amplification 
specificity (Luo et al., 2021b; Sipos et al., 2007; Tortajada et al., 2022). 
Specifically, the lower the stability of duplex is, the more favorable it is 
for minimizing nonspecific primer-combination and primer-extension, 
ultimately enhancing amplification specificity. Based on these un
derstandings, we hypothesized that dNTPαS can improve the amplifi
cation specificity of RPA by increasing the recognition accuracy of Bsu 
polymerase and recombinase and reducing the nonspecific duplex sta
bility between primers and nonspecific phosphorothioate-amplicons 
(Fig. 1A).

A promising alternative POCT tool is the clustered regularly inter
spaced short palindromic repeats (CRISPR)-associated (Cas) technology 
(Ahmed et al., 2021; Gootenberg et al., 2018; Qin et al., 2022). The 
origin of CRISPR/Cas technology was used for gene editing but has 
recently been repurposed in molecular diagnosis applications due to the 
finding of trans-cleavage of any available nonspecific single-stranded 
DNA (Cas12) or RNA (Cas13) (Chen et al., 2018; Gootenberg et al., 
2017; Rabiee et al., 2022). It is an exciting technology with simple, fast, 
and robust performance. Herein, we developed a novel molecular 
diagnosis platform termed dNTPαS assisted RPA (S-RPA, Fig. 2A)) 
equipped with CRISPR/Cas12a amplifier (SPECIAL, Fig. 5A). SPECIAL 
consists of two processes: an isothermal amplification with specific 
product accumulation (S-RPA) and a CRISPR/Cas12a reaction for rapid 
target-specific signal magnification and output. With these unique 
properties, our SPECIAL is 40 % more specific and 10-fold more sensitive 
than the classical RPA-CRISPR/Cas12a assay. Due to the high-specific 
and ultrasensitive performance, SPECIAL has been successfully used 
for Hepatitis B virus (HBV, DNA target) detection, offering 100 % 
agreement with qPCR results.

2. Materials and methods

2.1. Materials

The reagents including DNA oligonucleotides, Plasmids, gRNA, 
dNTPs, SYBR Green, acrylamide/methylene acrylamide (29:1), poly
acrylamide, acrylamide/bisacrylamide solution, 4SGelred nucleic acid 
dye, and 6 × DNA loading buffer were purchased from Shanghai Sangon 
Biotech (Shanghai, China). The dNTPαS was purchased from Zhong
meng Research Technology (Hubei, China). The RPA Isothermal 

Amplification Kit was purchased from Shenzhen Yi Zhi Biotechnology 
(Shenzhen, China). The LbCas12a protein was purchased from Meige 
Bio-technology (Guangzhou, China). The Bsu polymerase Kit was pur
chased from Xinhai Genetic Testing (Harbin, China).

2.2. Bsu polymerase-mediated primer extension reactions with dNTPαS

The Bsu polymerase-mediated primer extensions were performed in 
a 10 μL volume by using a Bsu polymerase Kit. The reaction mixture 
included 2 μM DNA primers, 2 μM DNA templates, Bsu polymerase 
(0.1X), Reaction Buffer (1X) and dNTPs (including canonical dNTPs and 
dNTPαS). The reaction mixtures were incubated at 37 ◦C for 30 min, and 
the reaction was terminated by heating at 75 ◦C for 20 min. Then the 
products were analyzed by non-denaturing polyacrylamide gel electro
phoresis (PAGE).

2.3. Recombinase-mediated primer target recognition and binding 
reaction

The reaction was performed in a 20 μL volume by using RPA 
Isothermal Amplification Kit. The reaction mixture included 1 μM DNA 
primers, 1 μM ssDNA templates, Reaction buffer (1X), E-mix (1X), UvsX 
Recombinase (0.5X), and Starter (1X). All reagents except the DNA 
templates were prepared in a master mix, which was distributed into 0.2 
mL reaction tubes. A total of 2 μL of DNA templates was added to the lid 
of the reaction tubes and lids were closed carefully. The tubes were 
instantaneously centrifuged, gently mixed and repeated three times. 
Final incubation at various temperature for 30 min, and the reaction was 
terminated by heating 65 ◦C for 10 min. Then the products were 
analyzed by non-denaturing polyacrylamide gel electrophoresis (PAGE). 
The template and primer sequences used are shown in Table S4.

2.4. RPA reaction and S-RPA reaction

The RPA reaction was performed in a 20 μL volume by using RPA 
Isothermal Amplification Kit. The reaction mixture included 0.5 μM of 
each primer, 0.36 mM of each dNTP, Reaction buffer (1X), E-mix (1X), P- 
mix (1X), Starter (1X) and 1 μL of the template. All reagents except the 
Starter were prepared in a master mix, which was distributed into 0.2 
mL reaction tubes. A total of 2 μL of Starter (10X) was added to the lid of 
the reaction tubes and lids were closed carefully. The tubes were 
instantaneously centrifuged, gently mixed and repeated three times. 
Final incubation at 37 ◦C for 40 min. To address the nonspecific 
amplification of RPA, we attempted to add dNTPαS to the RPA reactions. 
We configured different proportions of dNTPαS and dNTP mixture as the 
amplification raw material.

2.5. PAGE analysis

The 12 % gel mixture (12 mL) was prepared with 4.8 mL acrylamide- 
bisacrylamide solution (29:1, 30 % w/v), 1.2 mL TBE (10X), 4.8 μL 
TEMED, 0.12 mL 10 % APS, and 5.875 mL ddH2O. Next, 4 μL of reaction 
products were mixed with 1 μL of loading buffer and loaded into the gel 
wells, followed by electrophoresis at 200 V for 45 min in TBE buffer (1X) 
at room temperature. After electrophoresis, the gel was stained with 
4SGelred and visualized by the ChemiDoct XRS Imaging System (Bio- 
Rad Laboratories Co., Ltd, California, USA).

2.6. Melting curve analysis

The melting curve of the amplification product was analyzed by 
using the intercalating dye (SYBR Green) based on the fundamental 
thermodynamic property of DNA. Melting curve analysis was carried out 
on the SLAN-96 System by ramping the temperature from 50 ◦C to 95 ◦C 
at a rate of 0.03 ◦C/s. The melting curve was obtained from the 
continuous monitoring of fluorescence during temperature changes.
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Fig. 1. dNTPαS enhances recognition accuracy of polymerase and recombinase. (A) The hypothesis of dNTPαS mediated recognition accuracy enhancement of 
Bsu polymerase. (B) Primer sequence for Bsu mediated extension. (C) Bsu mediated extension with different ratios of dNTPαS for 30 min reaction. The extension 
products were analyzed by PAGE. Red dashed boxes indicate nonspecific products. (D) Time course analysis for mismatched primer mediated extension. (E) Data 
from Fig. 1C based on gray value. (F) Data from Fig. 1D based on gray value. (G) Recombinase mediated recognition with different ssDNA template at 40 ◦C. Red 
dashed boxes indicate remaining primers. PM: partially phosphorothioate modification template; CM: completely phosphorothioate modification template. The 
ssDNA template and primer sequences used are shown in Table S4. (H) Data from Fig. 1G based on gray value. For C and G, each experiment was repeated three 
times, with one representative result shown. Error bars represent SD (n = 3). Statistical analysis was performed using a two-tailed t-test where NS refers to not 
significant with p > 0.05, and the asterisk (*p ≤ 0.05) denotes significant differences. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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Fig. 2. Amplification specificity enhancement of S-RPA. (A) The hypothesis of dNTPαS mediated RPA specificity enhancement. (B) S-RPA for HBV DNA and GFP 
gene amplification. Red dashed boxes indicate nonspecific products and blue dashed boxes indicate specific products. (C) Data from Fig. 2B based on gray value. (D) 
Melting curve analysis of HBV gene amplificons. (E) Single base mismatch recognition of S-RPA. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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2.7. Effect of thiophosphated DNA on CRISPR/Cas12a cis-cleavage

The cis-cleavage activity assay was performed in a 20 μl volume. For 
in cis-cleavage activity, LbCas12a and gRNA were incubated at room 
temperature for 30min in Reaction Buffer (1X) before being incubated 
with dsDNA at 37 ◦C. The reaction was terminated by heating at 65 ◦C 
for 10 min at various time points, and the products were visualized on a 
12 % Tris-borate-EDTA (TBE) gel. The concentrations of LbCas12a and 
gRNA used were 100 nM, and the concentrations of dsDNA substrate 
were 300 nM. The percentages of substrates and products were quanti
fied by Image J software. The cleavage efficiency at each time point was 
plotted as a function of time to calculate Kcleave values.

2.8. Mass spectrometry

Mass spectrometry was performed in a 20 μl volume containing 10 
μM LbCas12a and 10 μM gRNA in Reaction Buffer (1X), and the con
centration of dsDNA substrate activator used was 4 μM. First, LbCas12a 
and gRNA were incubated at room temperature for 30min in Reaction 
Buffer (1X) before being incubated with dsDNA at 37 ◦C. The reaction 
was terminated by heating at 65 ◦C for 10 min after 60 min of reaction at 
37 ◦C. The product was then analyzed by mass spectrometry (Ionization 
spray voltage: 4.5 kv, atomization temperature: 350 ◦C, ion mode: 
negative ion mode). Mass spectrometry results were obtained from an 
LTQ liquid-mass ion Trap Mass Spectrometer (LTQ XL, Thermo Fisher 
Scientific, USA)

2.9. Effect of thiophosphated DNA on CRISPR/Cas12a trans-cleavage

The trans cleavage activity assay was performed in a 20 μl volume 
containing 100 nM LbCas12a, 100 nM gRNA and 100 nM ssDNA re
porter in Reaction Buffer (1X), and the fluorescence signal was recorded 
using a Real-Time PCR Detection System (SLAN-96). The concentration 
of the dsDNA substrate used was 50 nM.

2.10. SPECIAL detection

The S-RPA product (4 μL) was mixed with 16 μL of the Cas12a re
action buffer (1X) containing 100 nM LbCas12a, 100 nM gRNA and 100 
nM ssDNA reporter. Then, the signal was collected using a Real-Time 
PCR Detection System (SLAN-96) for up to 60 min at 37 ◦C.

2.11. Patients sample collection and qPCR assay

The clinical samples were approved by the Medical Ethics Committee 
of the Affiliated Hospital of North Sichuan Medical College (2024ER54- 
1), and the HBV samples were taken from the Affiliated Hospital of 
Nanchong North Sichuan Medical College. The Hepatitis B virus nucleic 
acid detection kit (Shanghai Kehua Biological Engineering, China) was 
used for qPCR assays (Registration certificate No.20233401120).

3. Results

1. dNTPαS enhances recognition accuracy of polymerase and 
recombinase

Based on our hypothesis, dNTPαS can increase the recognition ac
curacy of Bsu polymerase (Fig. 1A). To explore the dNTPαS inhibition of 
nonspecific extension at various pairing conditions of Bsu polymerase, 
we designed a ssDNA template and its matched and mismatched primers 
(Fig. 1B) and performed the extensions at various template primer 
combinations. PAGE analysis showed that all mismatched primers could 
generate a large amount of nonspecific products, both with 3′-end and 
intermediate mismatches (Fig. 1C and S1A). Excitingly, the mismatched 
primer-meditated nonspecific extension was gradually decreased with 
the addition of dNTPαS (Fig. 1C and E). Especially, when the primer has 

two mismatches at 3′-end (M1&2), its nonspecific extension was 
completely eliminated (Fig. 1D and F). These data collectively indicated 
that dNTPαS can increase the accuracy of Bsu polymerase in recognizing 
mismatched primers, and offer great potential to enhance the specificity 
of RPA.

Further, to explore the effect of thiophosphated DNA on the recog
nition accuracy of recombinase, we analyzed the binding efficiency 
between thiophosphated ssDNA template (equivalent to the amplicon of 
dNTPαS) and its primers labeled with FAM. Data showed that on the 
partially phosphorothioate modification template, the recombinase 
exhibited great mismatch discrimination ability under various temper
ature (with more unconjugated mismatch primers, Fig. 1G and H and 
S1). While, there was no difference in the amount of primer remaining 
for the native and completely phosphorothioate modification template. 
(Fig. 1G and H). 

2. S-RPA with enhanced amplification specificity

To study the performance of RPA, we designed a series of RPA primer 
pairs for HBV gene on the basis of the typical rule of RPA primer 
(Table S1). PAGE analysis showed that only three primer pairs suc
cessfully amplified the target fragment (indicated by blue arrows) and 
accompanied by many nonspecific products (Fig. S2). These data 
confirmed that nonspecific amplification is prone to occur in RPA if the 
primers have not been rigorously refined, consistent with previous 
studies (Luo et al., 2019; Yi et al., 2021).

Due to the outstanding recognition accuracy of Bsu polymerase and 
recombinase in the presence of dNTPαS, we reasonably hypothesized 
that dNTPαS has the potential to enhance the specificity of RPA. 
Therefore, dNTPαS was employed as a substrate for RPA, namely S-RPA 
(Fig. 2A). To investigate its performance, S-RPA was used for HBV DNA 
and GFP gene detection. PAGE analysis showed that S-RPA provided 
significant specificity enhancement (Fig. 2B and C). Especially with 
80–90 % of dNTPαS addition, the nonspecific products were obviously 
eliminated (about 37 % of decrease), whereas the specific products were 
significantly enhanced (approximate 40 % of increase). Further, the S- 
RPA for other two targets demonstrated identical performance (Fig. S2). 
Melting curve analysis showed that S-RPA products have a single peak, 
while classic RPA products have multiple peaks (Fig. 2D). These results 
collectively demonstrated the high specificity of S-RPA, thereby veri
fying our hypothesis.

Furthermore, the amplification specificity of S-RPA was evaluated by 
using the mismatched primer and HBV-plasmid template (pHBV). PAGE 
analysis showed that in the absence of dNTPαS, all mismatched primers 
unfortunately generated nonspecific products (Fig. 2E). The nonspecific 
amplification was gradually prevented with the addition of dNTPαS. 
Excitingly, it completely disappeared when the percentage of dNTPαS 
was 95 %, demonstrating that dNTPαS endows RPA with the ability of 
single base mismatch recognition. 

3. Effect of thiophosphated DNA on CRISPR/Cas12a cis-cleavage.

CRISPR/Cas12a is one of the most widely used tools for signal 
amplification and output in molecular diagnosis (Ahmed et al., 2021; 
Gootenberg et al., 2018; Qin et al., 2022). We attempted to combine it 
with the high specific S-RPA for high performance nucleic acid assays. 
Due to the addition of dNTPαS, the S-RPA amplicon possesses the 
phosphorothioate bonds more or less(Fig. S4). To study the effect of 
phosphorothioated DNA, we performed the CRISPR/Cas12a mediated 
cis-cleavage by using native and thiophosphated DNAs (Fig. 3A). Data 
showed that the cis-cleavage was inhibited by thiophosphate modifica
tion. A time course analysis of cis-cleavage activity showed that the 
native DNA was completely cleaved after 150 min of reaction, whereas 
thiophosphated DNA could resist cis-cleavage for 180 min of incubation 
(with 50 % of the substrates remaining, Fig. 3B and C). Mass spec
trometry provided the expected results that the thiophosphated dsDNA 
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had the same molecular weight before and after cleavage, whereas the 
native dsDNA was cleaved into fragments (Fig. 3D and E). These results 
indicate that phosphorothioate modification significantly attenuated the 
cis-cleavage of Cas12a. 

4. Effect of thiophosphated DNA on CRISPR/Cas12a trans-cleavage.

To study the effect of phosphorothioated DNA on trans-cleavage, the 
fluorescence reporter based CRISPR/Cas12a trans-cleavage was per
formed (Fig. 4A). Real-time fluorescence showed that totally phos
phorothioated TS significantly inhibited the trans-cleavage, whereas the 
TS with partially phosphorothioate modifications has almost identical 
trans-cleavage activity to the natural counterpart (Fig. 4B). Although the 
phosphorothioated NTS showed a similar tendency, its trans-cleavage 

Fig. 3. Effect of thiophosphated DNA on CRISPR/Cas12a cis-cleavage. (A) Native and thiophosphated dsDNA sequence. Only the sequence complementary to 
gRNA is shown and refers to Table S4. TS represents the strand that is complementary with gRNA and NTS represents the strand that is complementary with TS. (B) 
Cis-cleavage of CRISPR/Cas12a for native and thiophosphated dsDNA. The gRNA/Cas12a complex was incubated with dsDNA at 37 ◦C for 0, 30, 60, 90, 120, 150 or 
180 min and repeated three times, with one representative result shown. (C) Data from Fig. 3B based on gray value. (D) Mass spectrum results of thiophosphated 
dsDNA. (E) Mass spectrum results of native dsDNA.
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activity inhibition was attenuated (Fig. 4C and D). Further, when both 
strands were modified completely, the trans-cleavage activity was 
totally suppressed (Fig. S4). These data collectively demonstrated that it 
is reasonable and necessary to add dNTPαS proportionally in the 

amplification reaction. Further, the trans-cleavage of Cas12a for S-RPA 
amplicons gradually increased with the addition of dNTPαS (60 %–80 %, 
Fig. 4E), and we hypothesized that this was due to the increase in the 
amount of specific products even though the TS had partial 

Fig. 4. Effect of thiophosphated DNA on CRISPR/Cas12a trans-cleavage. (A) Native and thiophosphated dsDNA sequence. (B) The Cas12a trans-cleavage with 
VII, VIII and IX in Fig. 4A. (C) The Cas12a trans-cleavage with III, VI and IX in Fig. 4A. (D) The Rate15 of natural or thiophosphated dsDNA in Fig. 4A. The Rate15 is 
defined as the total change of the fluorescence value, divided by the time duration of 15 min. The three red dots represent dsDNA composed of TS with totally 
phosphorothioate modification. (E) The Rate15 of the S-RPA product. Error bars represent SD (n = 3). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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Fig. 5. Development of SPECIAL nucleic acid detection technology. (A) The workflow of SPECIAL. It takes a total of 40–50 min to complete all steps of SPECIAL. 
(B) Sensitivity of the classical RPA-coupled CRISPR/Cas12a detection system. (C) High sensitivity of the SPECIAL (dNTPαS 60 %). (D) High sensitivity of the SPECIAL 
(dNTPαS 70 %). (E) Specificity of SPECIAL (dNTPαS 70 %). The SPECIAL was performed with interfering plasmid with HPV16, HPV18, HPV52 or HPV58 fragment. 
Error bars represent SD (n = 3).
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phosphorothioate modification. In conclusion, our results suggest that 
proper addition of dNTPαS during amplification could enhance RPA 
amplification specificity and Cas12a trans-cleavage activity 
simultaneously. 

5. Development of SPECIAL nucleic acid detection technology

Enlightened by the enhancement of S-RPA specificity and Cas12a 
trans-cleavage activity, we further combined the S-RPA with CRISPR/ 
Cas12a to achieve highly specific and sensitive nucleic acid detection, 
namely S-RPA equipped with CRISPR/Cas12a amplifier (SPECIAL, 
Fig. 5A). We compared the sensitivity of SPECIAL and the classical RPA- 
CRISPR/Cas12a assay using a DNA fragment of HBV. Since high speci
ficity can facilitate sensitivity by reducing the consumption of primers 
and dNTPs and accumulating more specific products, SPECIAL (Fig. 5C 
and D and S6A). provided better sensitivity (10-fold) than the classical 
counterpart (Fig. 5B). However, when the dNTPαS addition was up to 
90 %, the sensitivity of SPECIAL was comparable to that of the classical 
assay due to the reduction of Cas12a trans-cleavage activity caused by 
excessive thiophosphate modification (Fig. S6B). Further, the specificity 
of SPECIAL was evaluated by using interfering DNAs, including HPV16, 
HPV18, HPV52, and HPV58 DNA. The sequences of interfering DNAs are 
shown in Fig. S7. Data showed that SPECIAL could detect the target DNA 
exclusively (Fig. 5E). 

6. SPECIAL for clinical sample detection

We evaluated the performance of SPECIAL in HBV-positive and 

-negative clinical samples (Fig. 6A), and compared its performance with 
qPCR. A total of 45 HBV-positive blood samples with a wide range of Ct 
values (18.0–34.9) and 35 HBV-negative samples were analyzed. SPE
CIAL had a sensitivity of 100 % and a specificity of 100 % (Fig. 6B–D). 
There were no false-positive or negative results, demonstrating great 
promise in clinical applications.

4. Discussion

In this study, we found that dNTPαS could improve the recognition 
accuracy of Bsu polymerase and recombinase, thereby enhancing their 
specificity of recombination and polymerization. Based on this under
standing of the mechanism, we developed a novel nucleic acid testing 
method (S-RPA) and realized unprecedented enhancement of the 
amplification specificity of RPA. Based on the outstanding S-RPA sys
tem, we established a novel, simple, ultrasensitive and high-specific 
nucleic acid testing technology (SPECIAL), thereby providing a useful 
POCT tool for molecular diagnosis.

Previous studies have shown (Hu et al., 2020) that two major causes 
can jeopardize the specificity of DNA polymerization: (1) the 
mis-incorporation, which is the infidelity polymerization with 
mis-incorporated dNTPs; (2) the mis-priming, which is the nonspecific 
amplification from the mismatched primer/template extension. Our 
research showed that dNTPαS can increase the accuracy of Bsu poly
merase in recognizing mismatched primers. We also found that the 
thiophosphate modification DNA template can improve the recognition 
ability of the recombinase for mismatched primers. Therefore, the 
primers no longer bind to nonspecific amplicons with thiophosphate 

Fig. 6. SPECIAL for clinical sample detection (A) The workflow of detection process. (B) qPCR results for 80 blood samples. The Ct value of the negative is defined as 
40. Ct: The cycle threshold. (C) SPECIAL results for 80 blood samples. The fluorescence readout was measured at 15 min at 37 ◦C. The cut-off fluorescence value 
(Fig. S8) was defined as Mean + 3SD of 3 negative control. (D) Concordance table between SPECIAL and qPCR.
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modification. As a result, S-RPA possesses higher specificity than the 
classical one. Studies have found that dNTPαS decreases the rate of 
dNTPs polymerization so that the mismatched dNTPs have enough time 
to separate from the extension sites (Hu et al., 2020). Consequently, our 
S-RPA can improve the specificity in terms of minimizing the polymer
ization of incorrect dNTPs and reducing the binding and extension of 
incorrect templates to primers.

Our S-RPA has several advantages: (1) dNTPαS enhances the ability 
of Bsu to recognize single-base mismatches; (2) S-RPA significantly 
inhibited nonspecific amplification and increased the yield of specific 
products. And this specificity enhancement is highly correlated with the 
proportion of dNTPαS, which suggests that we can flexibly regulate the 
assay performance by varying the amount of dNTPαS. Our S-RPA is 
simple and effective, requiring only the addition of dNTPαS, and 
requiring neither precise nor specific primer design nor strict optimi
zation of experimental conditions. The application of S-RPA on four 
targets has fully demonstrated its superiority and versatility. (3) S-RPA 
provided better sensitivity (10-fold higher) than the classical RPA- 
CRISPR/Cas12a assay. Based on the above outstanding advantages, it 
is reasonable to speculate that the dNTPαS assisted specificity 
enhancement is not only applicable for RPA, but also to other amplifi
cation methods (such as LAMP), and it would be interesting to explore 
the performance of other isothermal amplification techniques by using 
dNTPαS.

To take advantage of the S-RPA system, we developed a novel 
isothermal amplification technology, namely SPECIAL (Fig. 5A), which 
is realized by using the S-RPA for specific product accumulation and 
CRISPR/Cas12a for rapidly target-specific signal magnification and 
output. Thanks to the outstanding specificity and sensitivity of S-RPA 
and CRISPR/Cas12a, our SPECIAL assay is more sensitive as expected (a 
10-fold increase). In addition, the SPECIAL has demonstrated excellent 
performance in the detection of clinical samples, offering 100 % 
agreement with the qPCR, which implies its robustness in practical 
applications.

Currently, most RPA-coupled CRISPR/Cas12a assays use a two-step 
process (amplification of the target sequence followed by CRISPR 
detection), with multiple liquid-handling steps increasing time of 
operation and risk of cross-contamination (Broughton et al., 2020; 
Patchsung et al., 2020). To avoid these disadvantages, isothermal 
amplification and CRISPR/Cas12a detection were integrated into a 
single step, creating methods such as SHINE and STOPCovid (Arizti 
et al., 2020; Joung et al., 2020). However, they are much less sensitive 
and require longer times (Arizti et al., 2020; Joung et al., 2020).It has 
been reported (Lu et al., 2022) that the cis-cleavage of CRISPR/Cas12a 
depletes the primers and amplification products, and therefore does not 
accumulate enough amplicons in a short period of time, which lengthens 
the reaction time and reduces the sensitivity. Therefore, it is crucial to 
reduce the cis-cleavage activity at the initial stage of the reaction. 
Notably, our results revealed that the thiophosphate modification DNA 
significantly reduced the cis-cleavage activity of CRISPR/Cas12a 
(Fig. 3B), and it will be interesting to see whether the development of 
S-RPA with CRISPR/Cas12a one-pot assay will exhibit higher speed and 
sensitivity. We attempted the one-pot method combining S-RPA and 
CRISPR/Cas12a, but its performance did not meet our expectations due 
to the incompatibility of the reaction buffers of the two systems, 
resulting in the inhibition of CRISPR/Cas12a activity. We are making 
effort to solve these problems, thereby providing the one-pot SPECIAL 
with the potential for superior performance in clinical applications.

In conclusion, we found that the recognition accuracy of Bsu poly
merase and recombinase could be elevated by dNTPαS, thereby 
enhancing the specificity of RPA (S-RPA). By introducing CRISPR/ 
Cas12a into S-RPA, we have developed a novel, simple, ultrasensitive 
and high-specific nucleic acid testing technology termed S-RPA equip
ped with CRISPR/Cas12a amplifier (SPECIAL), thereby providing a 
useful POCT tool for molecular diagnosis.
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