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A B S T R A C T

Developing effective detection methods for Bacillus anthracis is essential for our public health system to accu
rately detect hidden anthrax outbreaks. Herein, we introduce a unique 3′-toehold nucleic acid aptamer (probes) 
into Cas12a biosensor, combined with RPA, to establish a rapid (1h), specific, and sensitive (1copy/μL) detection 
method for B. anthracis. The design behind this approach is that the target sequence is amplified via RPA, and the 
amplification product triggers the crRNA/Cas12a complex to degrade the 3′ toehold probes, which are analyzed 
using melting curve analysis on a specific instrument, naming a one-tube RPA/CRISPR melting curve detection 
(ORCMD) sensing system. Furthermore, ORCMD is used to detect the B. anthracis spores-positive or negative soil 
samples from the location of world War-II site (Harbin, China), B. anthracis was precisely identified as other 
methods, suggesting its significant practical application potential. This system enriches the CRISPR detection 
technology toolbox, compared to other CRISPR-based sensing strategies, the concept of the 3′ toehold probes 
offers distinct advantages in the development of CRISPR-based multi-target detection methods.

1. Introduction

Bacillus anthracis, a highly virulent pathogen, has the potential to 
cause anthrax in a variety of animals, including horses, cattle, sheep, and 
even humans [1]. Anthrax, a widely spread disease, is prevalent glob
ally, with particular endemicity in arid and temperate regions across 
Eurasia, Africa, and North America [2]. In addition, B. anthracis, which 
is recognized as a potential biological weapon, has been classified by the 
U.S. Centers for Disease Control and Prevention (CDC) as a Class A 
biological warfare agent. Its misuse could seriously endanger public 
health and safety, potentially triggering widespread social unrest and 
panic [3–5].

The primary identification methods for B. anthracis encompass con
ventional microbiological techniques [6], biochemical assays [7,8], and 
immunological approaches [9,10], all of which are capable of effectively 
isolating and identifying this pathogen. However, these methods exhibit 
distinct shortcomings. Some are complex, time-consuming, and 
labor-intensive, which may impede the timely delivery of clinical 
treatment. Others lack sufficient specificity, rendering them susceptible 

to false-positive and false-negative results. Recently, CRISPR-based 
nucleic acid detection methods have attracted attention [11]. The 
literature has extensively documented the use of CRISPR/Cas12a in 
biosensors for in vitro diagnosis of pathogen. The signal output of these 
biosensors can be classified into various categories including fluorescent 
probes [12,13], electrochemical electrodes [14,15], lateral flow strip 
and enzyme-linked immunosorbent assay (ELISA) [16,17], and other 
modalities [18,19], each of these categories demonstrates outstanding 
sensitivity and specificity.

Prevailing studies have indicated that the trans-cleavage activity, 
which is activated by the Cas12a-crRNA-target DNA ternary complex, 
possesses remarkable select preferences for non-specific single-stranded 
DNA, refraining from or minimal cleaving non-specific double-stranded 
DNA [11,20]. However, it has been recently observed that non-specific 
double-stranded DNA containing a 3′ toe chain is susceptible to digestion 
by the ternary complex [20]. Utilizing this distinctive property, our 
study developed a 3′ toehold nucleic acid aptamer (probes). This 3′ 
toehold probes are capable of eliciting a fluorescence signal during the 
heating process, resulting in the generation of a distinct melting curve 
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and thus forming a characteristic peak. Furthermore, we introduced a 
novel one-tube RPA/CRISPR melting curve detection (ORCMD) sensing 
system (Fig. 1). Initially, the target sequence is amplified via RPA, and 
the resulting amplification product triggers the crRNA/Cas12a complex 
to degrade the 3′ toehold probes. Ultimately, the outcomes are visualized 
through melting curve analysis on the general real-time PCR instrument. 
Crucially, we believe that compared to other CRISPR-based sensing 
strategies, the innovative design of the 3′ toehold probes offers distinct 
advantages in the development of CRISPR-based multi-target detection 
methods.

2. Experimental section

2.1. Materials

B. anthracis, Yersinia pestis, Francisella tularensis, Brucella spp., Bur
kholderia pseudomallei, Burkholderia mallei, Salmonella typhi, Vibrio chol
erae, Staphylococcus aureus, Bacillus cereus, Bacillus subtilis, and Bacillus 
thuringiensis were provided by the Institute of Microbiology and Epide
miology of the Academy of Military Medical Sciences, Beijing, China. 
The TwistAmp™ Basic Kit was purchased from TwistDX (Maidenhead, 
Berkshire, UK). The LbCas12a, RNase inhibitor and NEBuffer™ 3.1 were 
purchased from New England Biolabs Co (Ipswich, MA, USA). The 
Un1Cas12f1 (Cas14a) Nuclease and 10 × HOLMES Buffer were pur
chased from Tolo Biotech Co., Ltd. (Shanghai, China). All of the nucleic 
acid oligonucleotides used in this study were purchased from Sangong 
Biotech Co., Ltd. (Shanghai, China), the sequences are shown in 
Table S1. DNase/RNase-Free distilled, deionized water (DDH2O) pro
vided by TIANGEN Biochemical Co., Ltd (Beijing, China). SLAN-96s 
Real-Time PCR System produced by Shanghai Hongshi Medical Tech
nology Co., Ltd. (Shanghai, China).

2.2. RPA primers, crRNA and 3′ toehold probes

Initially, the design of RPA primers, crRNA, and the two-step CRISPR 
reaction system was grounded in prior research conducted within our 
laboratory [21]. In addition, the 3′-toehold probes represent a uniquely 
crafted combination of fluorescent probes. Depending on the base 
composition and length of the target fragment, this probe can be arti
ficially tailored to exhibit varying melting temperatures (Fig. 2A). 
Furthermore, a short base sequence (12 nt) protruding at the 3′ end al
lows the 3′-toehold probes to be non-specifically cleaved by the CRISPR 
ternary complex. The nucleic acid sequences of RPA primers, crRNA, 
and the 3′ toehold probes are presented in Table S1.

2.3. Establishment and optimization of reaction system

Firstly, we conducted a comparative analysis of the efficacies of the 
two-step, one-pot, and one-tube methods. The 3′ toehold probe was 
digested by two-step CRISPR method, one-tube method (CRISPR system 
placed on the lid) and one-pot method (RPA + CRISPR mixed) primary 
reaction system (Table S2). Following the reaction’s completion, a 
melting curve analysis was conducted. Furthermore, we optimized the 
Concentration of Cas12a, concentration of the 3′ toehold probe, CRISPR 
reaction time, NEBuffer3.1 concentration, and the heating temperature 
of the lid. The components of 1 × NEBuffer3.1 included 100 mM NaCl, 
50 mM Tris-HCl, 10 mM MgCl2,100 μg/mL Recombinant Albumin.

2.4. The sensitivity and specificity of ORCMD

Upon optimization of conditions, the one-tube RPA/CRISPR melting 
curve detection (ORCMD) sensing system is summarized in Table S3. 
Pursuant to the system, the concentration gradient of positive recom
binant plasmid was set to evaluate the sensitivity of ORCMD.

Fig. 1. Flowchart of the ORCMD. (A) The principle of action of 3′-toehold nucleic acid aptamer (probes), Upon the introduction of the target into the system, the 
activation of the trans-cleavage digest 3′-toehold probes initiates a reduction in the amount of fluorescence observed during the heating and melting process, 
potentially leading to a complete absence of fluorescence. (B) Concise overview of the operational procedure for executing the ORCMD system. Ft, fluorescent signals. 
T, temperature.
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Then, a mixed nucleic acid extract of 8 other pathogenic bacteria and 
3 homologous bacteria was set to evaluate the specificity of ORCMD. 
Furthermore, due to the natural abundance of microorganisms and 
inorganic substances in anthrax samples, non-specific detection may 
arise. To enhance the evaluation of ORCMD’s specificity, we employed 
nucleic acid extracts from healthy human whole blood and soil samples 
as negative control (samples).

2.5. Detection of B. anthracis in the soil samples collected from the 
location of world War-II site (Harbin, China) by ORCMD

Soil samples were collected from Harbin, China in our previous 
research [21,22]. A total of 14 soil samples were randomly selected to 
assess the practical application capabilities of ORCMD. Among them, 
No. 3, 13, 14, 24 samples were collected at the former site of the Jap
anese Army Unit 731’s bacterial laboratory, and No. 1–2, 2-1, 3-2, 4-2, 
6-2, 7-2, 8-2, 9-2, 11-2, 12-1 samples were collected from surrounding 
sites in the same region. RT-PCR method [23] concurrently as a control 
for comparison.

3. Results

3.1. Evaluation of two-step, one-pot and one-tube reaction systems

As depicted in Fig. 2A, B, and C, both the two-step method and the 
one-tube method exhibited efficient digestion of the 3′ toehold probes, 
yielding a more prominent positive signal. Conversely, the one-pot 
method did not produce a positive signal. It is noteworthy that in 
comparison to the two-step method, both the one-pot and the one-tube 
methods eliminate the need for opening the tube cap. This advantage 
helps prevent aerosol pollution that might arise from multiple additions 
to the system. Furthermore, these methods save time and enhance 
overall efficiency. Moreover, while the one-pot method offers significant 
time and step savings (No centrifugation and mixing steps required), its 
reaction efficacy after pre-mixing is noticeably inferior to the one-tube 
method. Consequently, we have prioritized optimizing the one-tube 
method.

3.2. Optimization of one-tube method

In this study, we primarily focus on optimizing the following con
ditions: concentration of Cas12a, probes concentration, NEBuffer 3.1 
concentration, CRISPR reaction time, and lid temperature. In addition, 
we incorporated a 3′ blunt-end probe devoid of the toe chain, which was 
concurrently reacted with 3′ toehold probes. Initially, the impact of 
varying Cas12a protein concentrations on reaction outcomes was 
assessed, revealing a most pronounced peak height difference at a con
centration of 200 nM (Fig. 3B). Then, our findings revealed that the 
CRISPR/Cas12a system exhibits selectivity towards double-stranded 
DNA harboring the toe chain (Fig. 3C). As Fig. 3D illustrates, with an 
increasing concentration of the 3′ toehold probes, the peak of the 
melting curve also rises. However, once the concentration exceeds 500 
nM, the peak begins to shift towards a higher melting temperature (Tm). 
Based on these observations, we have selected 400 nM as the optimal 
probes’ concentration.

Furthermore, we screened for the optimal conditions by establishing 
concentration gradients of NEBuffer 3.1 and varying the lid heating 
temperature. Fig. 3E demonstrates a significant trend: as the concen
tration of NEBuffer 3.1 escalates up to 1.5 × and 1.75 × , the positive 
signal intensifies. However, a further increase in concentration, reaching 
2 × , leads to a diminished positive signal. Therefore, the reaction was 
conducted using 1.5 × NEBuffer 3.1. Subsequently, we envisioned that 
an optimal lid temperature would facilitate the assembly of Cas12a and 
crRNA into a binary complex prior to the reaction, thus enhancing its 
affinity for the target. Consequently, we implemented a temperature 
gradient to verify our hypothesis and discovered that a superior positive 
signal was achieved when the lid temperature was set at 37 ◦C (Fig. 3F). 
As depicted in Fig. 3G, the positive curve exhibits a gradual flattening 
trend with an extended reaction time. Taking into account both the RPA 
amplification duration and the subsequent melting curve analysis, a 
CRISPR reaction time of 20 min is deemed the most appropriate.

Moreover, we incorporated the Cas14a protein, exhibiting trans- 
cleavage activity [24], and tested its interaction with both 3′-blunt-end 
and 3′-toehold probes. The results in Fig. S1, demonstrate that Cas14a 
can digest 3′-toehold probes (The peak value of positive control was 
significantly lower than that of negative control), suggesting the po
tential applicability of the ORCMD system across various CRISPR 

Fig. 2. (A), (B), (C) are the results of the two-step, one-pot, one-tube method to digest the 3′ toehold probes, respectively, n = 2.
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effectors. Unexpectedly, we observed that Cas14a, unlike Cas12a, can 
degrade 3′-blunt-end probes. To date, this phenomenon remains unre
ported. This finding necessitates further exploration in subsequent 
studies. However, the digestion of 3′-blunt-end probes does not impact 
the application of the melting curve to the CRISPR/Cas14a effector, 
rather, it will enhance its application potential. (Fig. S1B).

3.3. Different 3’ -toehold probes used for multiple detection

In addition to F1–B. anthracis, we devised two distinct sets of 3′- 
toehold probes, characterized by varying melting temperatures, toe 
sequence and fluorescence markers, to preliminarily assess their po
tential for multiplex detection. The specific nucleic acid sequences are 

Fig. 3. The conditional optimization procedure of the ORCMD. (A) The principle of action of 3′-toehold probes. (B) Concentration of cas12a evaluation, n = 2. (C) 
Comparative experimental results of 3 ′ blunt-end and 3 ′ toehold probes. (D) Concentration of 3′ toehold probes. (E) CRISPR reaction time. (F) Concentration of 
NEBuffer 3.1. (G) Lid temperature.
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outlined in Table S1. As shown in Figs. 4A and 3’ -toehold probes F1 and 
F2 have the same FAM fluorescence labeling. The peak of Tm range of F1 
is 34~38 ◦C, and the peak of Tm range of F2 is 53~57 ◦C. The 3’ 
-toehold probes H1 is labeled by HEX fluorescence, and its peak of Tm 
range is 51~54 ◦C. Furthermore, H1 possesses a distinct 3′-toehold 
sequence from F1/F2, and the experimental outcomes reveal that the 
fluorescence peak is notably diminished compared to the F1/F2 probes. 
Therefore, we can achieve the specific detection of 10 or more targets in 
the future by adjusting and combining the fluorescent markers, toe 
sequence and Tm of 3’ -toehold probes, and locking different pathogens 
in each combination (Fig. 4B). Preliminary validation was conducted by 
incorporating Cas14a to specifically target and detect the Brucella spp. 
The sequences of Cas14a-crRNA and tracrRNA are presented in Table S1. 
As depicted in Fig. 4C, simultaneous detection of B. anthracis and Bru
cella spp. was successfully achieved within a single reaction unit.

3.4. The sensitivity and specificity of ORCMD

To assess the sensitivity of ORCMD, we established a concentration 
gradient of the recombinant positive plasmid ranging from 1 to 1000 
copies/μL as the positive template, while using DDH2O as the non- 
template control (NTC). As illustrated in Fig. 5A and B, the sensitivity 
of ORCMD reaches a threshold of 1 copy/μL.

In the specificity evaluation, the nucleic acid extract of B.anthracis 
(100 fg/μL), the mixed nucleic acid extract of 8 pathogenic bacteria and 
3 homologous bacteria (non-B.anthracis, ~100 pg/μL), and the mixed 
nucleic acid extract of human whole blood and soil samples (>1 ng/μL) 
were set for simultaneous detection. As shown in Fig. 5C, ORCMD only 
had positive signals for the nucleic acid extracts of B.anthracis, had no 
positive signals for the nucleic acid extracts of 8 pathogenic bacteria 
(Y. pestis, F. tularensis, Brucella spp., B. pseudomallei, B. mallei, S. typhi, 
V. cholerae, S. aureus) and 3 homologous bacteria (B. cereus, B. subtilis, 

Fig. 4. Craft diverse 3′-toehold probes tailored for the multiplexed detection of CRISPR systems. They have different fluorescence labeling, Tm and fluorescence 
intensity. (A) F1, FAM, 34 ◦C–38 ◦C; F2, FAM, 53 ◦C–57 ◦C; H1, HEX, 51 ◦C–54 ◦C. (B) Expand reaction well and detection targets, and aim for screening of 10 or 
more pathogens in the future. (C) Actual multi-pathogen co-detection experiment, Cas12a/Bacillus anthracis combined with F1, Cas14a/Brucella spp. combined with 
F2, n = 2. Some of the image materials in this picture were provided by Figdraw.
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and B. thuringiensis), and there was no positive signal for the nucleic acid 
extracts mixed with human whole blood and soil samples. The experi
mental results demonstrate the high sensitivity and specificity of the 
ORCMD developed, validating its advantages.

3.5. ORCMD tests actual soil samples

These samples were subjected to DNA extraction using the DNeasy 
PowerSoil Pro kit (Dusseldorf, Germany, QIAGEN). Briefly, 750 mg of 
soil and 3 mL of Solution CD1 buffer were added into a tube and boiled 

for 30 min in BSL-2 lab. Then, vortex briefly to mix and 800 μL of the 
mixture was added to the PowerBead Pro tube for extraction according 
to the protocol of kit. The extracted DNA was used for ORCMD analysis. 
The standard curve of RT-PCR has been established to quantify the 
target nucleic acid extracted from the sample (Fig. S2).

As depicted in Fig. 6A and B anthracis was positively identified in 
samples No. 3 and No. 24 collected within the site, with all other sam
ples testing negative. The ORCMD and RT-PCR results were fully 
concordant. Subsequently, we transformed the results into an intuitive 
heat map and summarized the CT values of RT-PCR for clearer 

Fig. 5. The sensitivity and specificity of ORCMD. (A) and (B) Sensitivity evaluation of ORCMD, n = 4. The 3σ SNR values were as follows: 1000 copies/μL (SNR =
76.36), 100 copies/μL (SNR = 67.33), 10 copies/μL (SNR = 98.10), 1 copy/μL (SNR = 49.02), 0.1 copy/μL (SNR = 11.17), and NTC (SNR = 6.06). Statistical analysis 
was performed using a one-way ANOVA, which revealed significant differences among the groups (p < 0.05). The results indicate that the variations in Δ-d(Ft)/dT 
are statistically significant. (C) Specificity evaluation of ORCMD, n = 2.

Fig. 6. The ORCMD system was utilized for the detection of Bacillus anthracis in authentic soil samples. (A) The precise coordinates of the sample collection site were 
recorded, along with the concurrent detection results obtained via both the RT-PCR method and the ORCMD system. (B) The results from both methods were 
summarized and presented in an intuitive heat map.
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visualization (Fig. 6B). Furthermore, all positive samples were 
comprehensively validated in our prior research endeavors. The afore
mentioned results suggest that the ORCMD system possesses the capa
bility to precisely detect the target pathogens in real-world 
environmental samples, unaffected by the nucleic acid extract of com
plex components, thereby demonstrating robust practical application 
potential.

4. Discussion

The development of efficient detection methods for B. anthracis is 
crucial for our public health system to efficiently screen for concealed 
anthrax outbreaks. Consequently, this study designed a unique 3′- 
toehold probes and optimized reaction conditions to establish a novel 
one-tube RPA/CRISPR melting curve detection (ORCMD) sensing sys
tem, enabling rapid, specific, and sensitive B. anthracis detection. And it 
can accurately detect B. anthracis in actual soil samples without inter
ference from the nucleic acids of complex components within.

During the nucleic acid detection of soil samples, the accuracy of the 
results is frequently compromised by several interference factors [25], 
including chemical inhibitors (e.g., humic acids and metallic ions), 
physical adsorption by clay minerals, biological nucleases from coex
isting microorganisms, and sample heterogeneity (humidity, pH varia
tions, etc.). To address these challenges, several strategies are 
recommended: optimizing extraction reagents (e.g., EDTA for metal 
ions), mechanical lysis enhancement via bead-beating homogenization, 
physical adsorption losses may be minimized by implementing 
silica-based purification column optimization. It is critical to note that 
soil-type-specific protocol adjustments (e.g., differentiated strategies for 
sandy vs. clay soils). These measures can significantly enhance the ef
ficiency of nucleic acid extraction and improve the accuracy of 
detection.

High-throughput and multiplexed nucleic acid detection constitutes 
a pivotal requirement across future molecular diagnostics, yet remains a 
crucial and incompletely solved necessity within the field of CRISPR/Cas 
biosensors [26]. In addition, different from RT-PCR, which relies on the 
enzymolysis of F-Q probes targeted to a specific sequence. The ’random 
cleavage’ effect of non-specific reporter molecules due to the trans-
cleavage activity of Cas12a, Cas12b, Cas13a, Cas14a and other Cas 
effector proteins, which represents a significant impediment in the 
development of CRISPR-based multiplex nucleic acid detection tech
nology [27–30]. In recent years, researchers have advanced the concept 
of spatial multiple-detection, essentially advocating the segregation of 
reaction chambers for the purpose of detection of multiple pathogens in 
a single reaction [31,32]. These strategies effectively overcome the 
limitations associated with the development of CRISPR-based multiplex 
detection.

In this study, the 3′ toehold probes can be paired with fluorescent 
probes of varying excitation wavelengths, enabling a two-dimensional 
locking relationship between fluorescence and melting temperature. 
We posit that the novel 3′ toehold probes design, in contrast to other 
CRISPR-based sensing approaches, exhibits significant advantages in the 
development of CRISPR-mediated multi-target detection methods, 
enabling concurrent and visual identification of 10 or more targets in a 
single display screen (Fig. 4). This 3′ toehold probes will offer re
searchers an expanded array of options. Furthermore, the ORCMD sys
tem exhibits potential applicability to diverse Cas effector proteins 
exhibiting trans-cleavage capability, thereby harboring the prospect of 
facilitating the development of universal CRISPR-based in vitro diag
nostic methodologies.

In future, to fully stimulate the potential of CRISPR as a powerful in 
vitro diagnostic tool, our perspective is that it is imperative to establish 
an amplification-free, one-tube multiplex diagnostic strategy. By elimi
nating the need for amplification steps, and it possesses the capability to 
specifically and sensitively detect a diverse range of pathogens within a 
single reaction system. This approach could also simplify the workflow 

and expedite the time to results, making it more suitable for point-of- 
care testing and other resource-limited settings.

5. Conclusion

In summary, this study developed a novel one-tube RPA/CRISPR 
melting curve detection sensing system, termed ORCMD, leveraging a 
unique 3′-toehold nucleic acid aptamer, and applied it to the detection of 
B. anthracis. The ORCMD system we have developed enriches the 
CRISPR detection technology toolbox, and ORCMD holds significant 
potential for compatibility with forthcoming high-throughput plat
forms, thereby facilitating the large-scale screening of highly pathogenic 
pathogens, bolstering public health systems’ crisis response and man
agement capabilities.
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Glossary

ORCMD one-tube RPA/CRISPR melting curve detection
RPA Recombinase Polymerase Amplification
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
RT-PCR real time Polymerase Chain Reaction
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