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Abstract
Existing methods for pathogen nucleic acid detection, such as PCR, require complicated operation and
expensive facility. Here, we report a simple and versatile strategy for highly sensitive detection of
pathogen nucleic acid based on toehold-mediated strand displacement initiated primer exchange
ampli�cation (t-PER). In the presence of target, the blocked hairpin substrate would be released by
toehold-mediated strand displacement, which triggered the primer exchange reaction ampli�cation. Then,
multiple long tandem-repeat single-strands generated by PER could open the molecular beacon to recover
the �uorescence signal. Based on the target selection and conditions optimization, the developed
platform could detect down to 18 fM of target in 1 hour of process time with high discrimination factor. It
is also successful applied for direct detection of HPV from clinical cervical swab samples, the results
were consistent with those obtained from RT-PCR. Moreover, the versatility and clinical feasibility of this
method was further con�rmed by measuring Epstein-Barr virus, Hepatitis B virus, and Ureaplasma
Urealyticum from different clinical samples (serum samples and urine samples). This simple platform
enables speci�c and sensitive detection of pathogen nucleic acid in a format that might hold great
potential for point-of-care infection diagnosis.

1. Introduction
Pathogen nucleic acid detection play vita role in clinical diagnostics and infection management[1-3].
Compared to traditional pathogen culture, which requires long incubation time and speci�c operation,
nucleic acid-based methods have been increasingly used for providing infection information[4-6]. Such
as, human papilloma virus (HPV) gene detection is vital for cervical cancer screening[7-9]. More than 100
HPV subtypes are exited in the world, about 15 HPV subtypes are deemed as high pathogenic factor,
which may cause cervical cancer[10, 11]. This disease progression is mainly linked to the speci�c HPV
subtypes infection and continuous infection[12]. Point-of-care nucleic acid detection that can identify the
HPV subtypes in clinical sample is of great important for disease monitoring and treatment[13].

At present, the traditional methods including real time polymerase chain reaction (RT-PCR), northern
blotting, and microchip were developed for pathogen nucleic acids detection[14-17]. Nevertheless, some
disadvantages of these methods, such as requirement of specialized equipment, tedious operation, and
large scale, restricted their board practicability[18]. In this regard, various methods including
electrochemistry, electrochemiluminescence, and �uorescence assay, have been developed[19-21].
Among these methods, the �uorescence-based method hold the greatest potential for pathogen nucleic
acids detection because of its merits of high sensitivity, speci�city, and dynamic monitoring[22]. In the
past decades, many isothermal ampli�cation-based �uorescence methods have been proposed for
ampli�ed detection pathogen nucleic acids[23]. Such as, loop-mediated isothermal ampli�cation was
used to detect the  pathogen nucleic acids, which has improved sensitivity compared with other typical
methods[24-26]. However, it requires professional personnel to handle and tedious sample preparation,
and its probes design is complicated and specialized[27]. Hence, developing a simple platform with high
sensitivity for pathogen nucleic acids detection remains urgent need.
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Primer exchange ampli�cation (PER) is an ampli�cation strategy �rst developed by Yin’s team, which
obtains much attention because of its powerful signal ampli�cation[28, 29]. PER exploits the sustaining
ampli�cation by hairpin DNA template and DNA polymerase, which generates multiple long DNA products
for isothermal ampli�cation[30, 31]. Compare to the other tedious isothermal ampli�cation methods, PER
can implement rapid and sensitive signal ampli�cation only by simple hairpin template[32-34].
Afterwards, a new DNA nanotechnology based platform was proposed to promote the ongoing large-
scale protein pro�ling in tissues by PER mechanism[35, 36]. These researches demonstrate the great
potential of PER mechanism in clinical practices. Considering the above-mentioned features of PER
mechanism via programmable automatic synthesis of tandem repeat strands, it holds great potential to
develop PER-based method for pathogen nucleic acid detection.

In this work, we introduced a toehold-mediated strand displacement to initiate the PER ampli�cation (t-
PER). The toehold-mediated strand displacement exploits the ability of strand competition to improve the
sequence speci�city[37]. The inherent features of outstanding selectivity of toehold-mediated strand
displacement and powerful signal ampli�cation of PER would ensure high sensitivity and high speci�city
of the proposed platform. Based on the conditions optimization, the proposed t-PER assay can directly
detect target down to the 18 fM in 1 hour with a higher discrimination factor when compared to the
existing PER-based methods. This strategy could also distinguish multiple HPV subtypes with high
speci�city. Moreover, we successfully exhibit its versatility and clinical feasibility for detecting Epstein-
Barr virus, Hepatitis B virus, and Ureaplasma Urealyticum (UU) from different clinical samples. Because of
its versatility, low-cost, and simplicity, the t-PER assay can be easily integrated with POCT equipment, and
as a potential complement to RT-PCR in clinical laboratories for pathogen nucleic acid detection. 

2. Experimental Section

2.1. Materials and reagents
DNA oligonucleotides used for t-PER reaction were synthesized from Sangon Inc (Shanghai, China)
(Table S1). Bst DNA Polymerase, Large Fragment (8000 U/µL), Magnesium Sulfate Solution (100 mM)
and 10×ThermoPol Reaction Buffer were obtained from New England Biolabs, Inc (USA). dATP, dTTP and
dCTP were purchased from Sangon Inc (Shanghai, China). 20 bp DNA Marker, 6×Loading Buffer and 4S
Red Plus Nucleic Acid Stain were purchased from Takara (Dalian, China). Nucleic acid extraction kit and
virus nucleic acid detection kit were acquired from Anpuli Bioengineering Co., Ltd (Xiamen, China). All
chemical reagents were prepared with deionized water (≥ 18 MΩ, Milli-Q, Millipore).

2.2. t-PER protocol
The gate hairpin used for t-PER consisting of protector strand and blocked hairpin. All the probes were
diluted to 10 µM by 1×TE Buffer and stored in 4℃ for further use. Firstly, all probes were denatured at
95℃ for 5 min and gradually reduced to room temperature before use. The protector strands and
hairpins were mixed in a ratio of 1.2:1 (30 min). These probes were prepared for the subsequent t-PER
reaction.
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The reaction system was integrated two components including target-initiated strand displacement and
PER ampli�cation, which lead to one-pot t-PER assay. The components of target-initiated strand
displacement included 500 nM pre-assembled gate hairpin, ThermoPol buffer and MgSO4. Components
of PER ampli�cation included 10 µM primer, 2 units/µL Bst DNA Polymerase and 10 mM
dATP/dTTP/dCTP mixture. In a typical assay, 12 µL components of target-initiated strand displacement
was �rst mixed with 2 µL target DNA solution, and then supplemented with 6 µL components of PER
ampli�cation. The reaction mixture was then incubated at 37°C for 60 min for obtaining PER products.
After that, molecular beacon (MB) (1 µM) was incubated with PER products for �uorescence
measurement.

2.3. Polyacrylamide gel electrophoresis analysis
The 8% native polyacrylamide gel electrophoresis (PAGE) was used to con�rm the procedure of t-PER.
The process was carried out in 0.5×TBE buffer at 130 V for 50 min. After staining with 4S Red Plus, the
gel was analyzed on UV Gel imaging system (Cambridge, UK).

2.4. Fluorescence measurements
Fluorescence measurements were performed on Luminescence Spectrometer (PerkinElmer LS-55, USA).
The �uorescence assay was used to verify the displacement process between PER elongation products
and MB. Firstly, the t-PER products were diluted by deionized water, and mixed with MB to a �nal volume
of 60 µL. Then, the reaction mixture was incubated in the absence of light for 30 min following by
�uorescence measurement (excitation wavelength: 488 nm, emission wavelength: 515nm).

2.5. DNA extraction
Clinical cervical samples were extracted by Nucleic acid extraction kit (Anpuli Bioengineering Co., Ltd,
China). The Swab specimens were rinsed adequately by physiological saline, and the obtained solutions
were transferred to new EP tube. After centrifuged at 13000 rpm for 5 min, the supernatant was
discarded. Adding 200 µL Extract A into the tube and standing for 3 min. Then, 250 µL Extract B was
added following by centrifugation (13000 rpm, 10 min). The supernatant was removed for subsequent
180 µL Extract C addition following by centrifugation (13000 rpm, 5 min). All the supernatant were
removed and the remaining extractions were dried (60°C, 5 min). Finally, 40 µL TE buffer were added and
the DNA samples can be used for subsequent analysis.

2.6 Preparation of clinical samples and ethical approval.
Cervical swab samples for HPV DNA detection, plasma samples for HBV and EB virus DNA detection, and
urine samples for Ureaplasma urealyticum RNA detection were collected at the molecular biology
laboratory, Nanfang Hospital of Southern Medical University, and the validation was executed by qRT-
PCR. Cervical swab samples were collected with a separate sterile sampling tube, which contains 2 mL
sterile normal saline. After collection, the samples were stored at − 80 ℃. Plasma samples were collected
with anticoagulant tubes containing EDTA-2K anticoagulant. The collected samples were centrifuged at
3,500 rpm for 5 min, the supernatant was taken into centrifuge tube and stored at − 80 ℃. Urine samples
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were collected with dry and sterile sample tubes. The laboratory testing, healthy donor testing, and on-site
testing at Nanfang Hospital involved completely anonymized samples with no personal data or possible
identi�cation of individuals.

2.7. RT-PCR analysis
The RT-PCR assay was carried out on Light Cycler 480 II (Roche, USA). The RT-PCR reaction system
included 10 µL component A (Tris, KCl, MaCl2, dNTPs, and Taq enzyme), 8 µL component B (primers and
signal probes) and 2 µL extracted nucleic acid. The thermal cycler protocols were as follows: 50°C (15
min), 95°C (10 min), 45 cycles of 95°C (10 s) and 58°C (40 s). Real-time quantitative analysis was
performed in the real time PCR system (SLAN-96P).

2.8. Statistical analysis.
Data pre-processing (baseline subtractions and normalization) were performed using Origin 2018. Mean
values and standard deviations were obtained from three identical tests. GraphPad Prism 9 was used for
statistical analysis. The differences between groups were obtained by the unpaired two-tailed t test. (P
values < 0.05 represents signi�cant).

3. Results And Discussion

3.1. Principle of the t-PER-based pathogen nucleic acids
biosensor
The principle of the proposed biosensor based on t-PER is shown in Scheme 1. The human
papillomavirus (HPV) was chosen as the model. Two reactions are consisted in this system, including
toehold mediated-PER ampli�cation and signal out. The whole PER system includes hairpin with stop
site, primer, and Bst DNA polymerase. The 3’ end of hairpin and protector strand were modi�ed by
inverted T base,which can inhibit the self-extended by DNA polymerase. The stop site is consisted of
consecutive three G bases, which can prevent the polymerization in the presence of substrate (dATP,
dCTP, and dTTP). At �rst, the hairpin was blocked by the protector strand, which leads to inactivation of
DNA polymerase. In the addition of target, the blocked hairpin was released by toehold-mediated strand
displacement. The primer was combined with the hairpin, and extended by the active DNA polymerase to
the stop site, which is. Because of the breathe reaction and repeat sequence “a” design of hairpin stem,
the extended primer would be set back to the initial binding site of hairpin, and the DNA polymerase
works again. Then, a primer exchange reaction is completed. After multiple exchanges reacted, long
massive DNA products were obtained. It would open plentiful molecular beacon (MB) to realize recovery
of FAM �uorescence. The whole system was incubated at 37℃ in one pot. Thus, a simple and speci�c
�uorescence platform was developed for HPV detection.

3.2. Characterization and feasibility of the proposed
biosensor.
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The polyacrylamide gel electrophoresis was �rst used to demonstrate the feasibility of the t-PER. As
shown in Fig. 1a, single sequences (Lane 1: hairpin; Lane 2: protector) and double-strand products (Lane
3: target + protector; Lane 4: protector + hairpin) were synthesized without other heterochains. The
protector could be hybridized with the target successfully by the toehold-mediated strand displacement
(Lane 5). The PER was initiated to generate long single-strand products (Lane 6). In the presence of target
DNA, the t-PER system could be realized as designed (Lane 8). Without the addition of target, no high
molecular weight bands were obtained (Lane 7), showing an outstanding stability of this system.

The feasibility of this �uorescence platform based t-PER was further studied by measuring the
�uorescence signals of recovered FAM. As described in Fig. 1b, when the hairpin and primer mixed with
denatured DNA polymerase, the �uorescence intensity could hardly be observed (curve d). On the
contrary, the PER was successful initiated by adding the activated DNA polymerase. Then, the multiple
long DNA products obtained from PER would open the MB, which generate much higher �uorescence
intensity (curve a). With the addition of protector, the PER will be blocked lead to weak �uorescence signal
(curve c). In the presence of target DNA, the blocked PER can be triggered again (curve b), indicating that
the target initiated PER ampli�cation by toehold-mediated strand displacement. These results
demonstrated that the t-PER could speci�city recognize the target and generate an ampli�ed �uorescence
signal.

Most isothermal ampli�cation for pathogen nucleic acids detection includes two steps (target speci�c
recognition and signal ampli�cation), which lead to the cumbersome operation[38]. To study the
feasibility of the one-step reaction based t-PER, the �uorescence measurements of the one-step and two-
step processes were adopted, respectively (Fig. 1c). The �uorescence signal of one-step process was
5.3% higher than that of two-step process, which proven that it is feasible to perform the toehold-
mediated displacement and trigger PER ampli�cation simultaneously, and also e�cient for analytical
performance. This may be due to the fact that when the target initiated the strand replacement and the
PER system was separated for continuous reaction, there is relatively su�cient time for primer to
generate the long single DNA strand, which tosome extent hampered the emergence of hairpin-protector-
target terpolymer. While the concurrent occurrence of the two reactions made the target could bind with
the protector-hairpin immediately. In addition, the �uorescence kinetic monitoring was used to further
verify the viability of the one-step reaction. The results exhibited a time-dependent �uorescence
intensities increase until a plateau from different target concentrations within 30 min (Fig. 1d). These
above results demonstrate that the designed t-PER method could be adopted for the quantitative
detection of pathogen nucleic acid in one-step.

3.2. Optimization of reaction conditions
To obtain optimal analytical performance of the proposed platform, several important parameters were
optimized. Firstly, the concentration of DNA polymerase was investigated. As shown in Fig. 3a, the signal
to noise ratio (S/B) achieved the perk value at a concentration of 0.2 U/µL DNA polymerase, thus the 0.2
U/µL was selected as optimal concentration of DNA polymerase for subsequent experiments. Next, the
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length of primer probe from 8 to 16 nt was optimized. As depicted in Fig. 3b, the S/B increased as the
increasing length of the primer up to 12 nt, the S/B decreased with the further increasing the primer
length, demonstrating that increasing the length of primer not only improved the e�ciency of t-PER
ampli�cation but also enhanced background signal. The effects of reaction time and temperature on the
proposed platform were also studied. Figure 3c showed that the S/N reached the maximum at 60 min of
incubating time, followed decline with the increasing time. As shown in Fig. 3d, the S/N reached the
maximum at a temperature of 37°C. Thus, the incubating time of 60 min and reaction temperature of
37°C were chosen for the following test.

3.3. Analytical performance of the proposed platform.
The sensitivity of this method was studied �rst using synthesized target DNA with varying
concentrations. As described in Fig. 4a, the results shown that the �uorescence intensity (FI) increased
with the increasing of target DNA concentration (Ctarget) from 100 fM to 50 nM. There was a good linear
correlation between the current signal and the logarithm of Ctarget in the range from 100 fM to 1 nM
(Fig. 4b), �tted as FI = 7.346 lgCtarget (fM) + 28.826 with correlation coe�cient of 0.999. The limit of
detection (LOD) was 18 fM based on 3SD corresponding to the blank tests. Comparing with other
�uorescent or colorimetric sensors based on isothermal ampli�cation (Table S2), this method has
moderate sensitivity. Notably, it allows detection to complete within 60 min in one step, without additional
labeling or washing processes.

The speci�city of this platform was evaluated by detecting multiple analogous sequences, including
double-base mismatched DNA (DM), four-bases mismatched DNA (FM), random DNA (RS), �ve HPV
subtypes (HPV 06, 18, 31, 33, and 58) and two human-associated viruses (HBV and EBV). As shown in
Fig. 4c, the FI from the target DNA was 4 times high than that of DM and over 10 times higher than that
of other analogous sequences, exhibiting high speci�city of the developed platform. To further
demonstrate the speci�city of t-PER, we designed corresponding toehold-mediated strand replacement for
speci�c distinguishing HPV subtypes (HPV 06, 18, 31, 33, and 58). As shown in Fig. 4d, compared to
target HPV subtypes, the platform produced weak FI when responded to other HPV subtypes. The
reproducibility of this biosensor was studied by measuring the samples contained 10 pM target DNA in
six different batches. The variable coe�cient of 2.8% was obtained, exhibiting a decent reproducibility of
this platform.

3.3 Target selection in HPV whole genome.
Although some toe-hold based methods can be used in broad-spectrum pathogen detection, their clinical
application is still limited. Some studies have pointed out that toehold-mediated recognition is restricted
by the folding format of the gene region. The selection of target is important for the clinical application of
toehold based methods[39, 40]. Therefore, we tested three speci�c target site using t-PER for HPV
detection, including capsid protein coding gene (CPCG), L1 gene, and L2 gene (Fig. 2a). Before the
performance analysis on this method for the whole genome, we adopted HPV DNA extracted from clinical
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positive sample, which con�rmed by RT-PCR (Ct value: 23.1). As illustrated in Fig. 2b-d, upon the target
addition the t-PER reaction showed �uorescence signal enhancement, meaning that all of these three
target genes could successfully work to transform the whole genome to the corresponding hairpin-primer
template and further PER ampli�cation. Notably, compared to the L1 gene (Fig. 2b) and L2 gene (Fig. 2c),
the t-PER assay on the CPCG (Fig. 2d) showed better analytical performance (stronger �uorescence
signal and higher signal to noise ratio (Fig. 2e)). The potential reason might be that the unexpected three-
dimensional conformation and self-folding of the whole genome inhibits the correct binding of protector
to corresponding hybrid site. To further explain the high e�ciency of t-PER for CPCG, we carried out DNA
structure analysis using Nupack[41]. By comparing the folded-binding sites with an additional 30 nt and
60 nt up and downstream, the L1 gene and L2 gene folded more compact than CPCG. And the whole
hybridize site of L1 and L2 was in a structured region, whereas for the CPCG, the toehold region of the
hybridize site was in a high probable unpaired region (Fig. S1). These results are consistent with the
results of �uorescence measurement. The above results reveal that it is vital to choose a target sequence
within the whole genome.

3.3 Clinical utility of the proposed platform
The clinical utility of this platform was studied by detecting HPV infections in clinical cervical swabs
samples. As t-PER works through direct target binding, rather than via target ampli�cation, we speculate
that the t-PER could have reformative compatibility for clinical samples Fig. 5a. To achieve direct
detection in clinical cervical swabs samples, we proposed a short heat lysis (95°C, 5 min) for released
viral DNA (Fig. 5b) in �ve clinical positive samples. As shown in Figure S2, the FI obtained from heat lysis
based t-PER was consistent with that from DNA extraction, the variable coe�cient was under 2.5%. These
results demonstrated that the viral DNA was released successfully, and its integrity was preserved. These
may attribute to following reasons : 1) t-PER process through direct target replacement to initiate a
polymerase. The polymerase-based elongation is hardly disrupted. 2) similar to biological functions, the
design of t-PER has improved compatibility between enzymes and DNA strands. Then, we adopted the t-
PER assay to determination DNA targets directly in these cervical swab samples (including 16 positive
samples and 8 negative samples). It is worth mentioned that this platform distinguished all samples
correctly. The results are consistent with those obtained from qPCR (Fig. 4g). Moreover, the signals of
positive samples were signi�cantly higher than those of negative samples (*P < 0.005, Student’s t test),
while Ct values of positive samples range from 22.3 to 32.03(Figure S3, Table S3).

3.5. The proposed platform used for other pathogen virus
detection.
To better demonstrate the clinical utility, the developed platform was also used to detect HBV and EBV,
which are vital biomarkers for hepatitis monitoring and nasopharyngeal carcinoma diagnosis,
respectively. At �rst, the corresponding toehold-design and target region screening in genome was
implemented (Fig. 5a and c). Considering that EBV LMP-2A gene and HBV S gene are widely adapted for
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clinical application, the corresponding toehold-mediated strand placements were designed to identify
these regions (Figure S4). As shown in Fig. 5C and D, this platform could detect all samples (including 10
positive samples and 5 negative samples) infected HBV and EBV with 100% concordance of the results
obtained from qPCR. Signi�cantly, the relative �uorescence signals of positive samples were highly
consistent with the Ct values (Table S4). In order to further study the versatility of the proposed method,
the RNA target of the Ureaplasma Urealyticum (UU) in 10 clinical samples (including 6 positive samples
and 4 negative samples) were also successfully tested. These results also demonstrated that this method
could be used for RNA target detection (Figure S5 and Table S5).

4. Conclusions
In summary, this work has exhibited a highly sensitive and versatile �uorescent biosensor for rapid and
sensitive detection of pathogen nucleic acid using t-PER ampli�cation. The outstanding selectivity of
toehold-mediated strand displacement for identifying homologous sequence and powerful signal
ampli�cation of PER ensure the high speci�city and high sensitivity of the proposed platform. Bene�ting
from this design principle, this platform possesses some innate features including one-step reaction,
rapid detection, and is compatible with common microplate reader that is widely used in the clinical
laboratories. Based the optimal target selection, this platform was also successfully used for detecting
four human-associated pathogens (HPV, HBV, EBV, and UU) in clinical samples, and the results were
consistent with the qPCR tests. Thus, this platform may provide a promising way to detect pathogen
nucleic acid for clinical diagnosis and monitoring.

Declarations
Acknowledgements

We are gratefully Instrumental Analysis Center of SMU for the �uorescence   measurements.

Authors’ contributions

YZ, ZL, and WS conceived the idea and designed the experiments. GZ, XZ, and YW performed the
experiments. BS and YX wrote and revised the manuscript. XY and LZ procured funding and supervised
the research. All authors read and approved the �nal manuscript.

Funding

This study was supported by the National Natural Science Foundation of China (82072382), the National
Science Fund for Distinguished Young Scholars of China (82025024), GuangDong Basic and Applied
Basic Research Foundation of China (2019B1515120074 and 2021A1515012244).

Availability of data and materials 

All data generated or analyzed during this study are included in this published article.



Page 11/19

Ethics approval and consent to participate

All experiments using human material were gained from Nanfang Hospital of Southern Medical
University and approved by the medical ethics committee of the hospital.

Consent for publication

All authors agree to publication.

Competing interests

The authors declare no competing interests.

References
1. Mo X, Wang X, Zhu Z, Yu Y, Chang D, Zhang X, Li D, Sun F, Zhou L, Xu J, et al: Quality Management

for Point-Of-Care Testing of Pathogen Nucleic Acids: Chinese Expert Consensus. Front Cell Infect
Microbiol 2021, 11:755508.

2. Johnson MB, Halman JR, Burmeister AR, Currin S, Khisamutdinov EF, Afonin KA, Marriott I: Retinoic
acid inducible gene-I mediated detection of bacterial nucleic acids in human microglial cells. J
Neuroin�ammation 2020, 17:139.

3. Chen Y, Qian C, Liu C, Shen H, Wang Z, Ping J, Wu J, Chen H: Nucleic acid ampli�cation free
biosensors for pathogen detection. Biosens Bioelectron 2020, 153:112049.

4. Song Q, Sun X, Dai Z, Gao Y, Gong X, Zhou B, Wu J, Wen W: Point-of-care testing detection methods
for COVID-19. Lab Chip 2021, 21:1634–1660.

5. Li Y, Gan Z, Zhou X, Chen Z: Accurate classi�cation of Listeria species by MALDI-TOF mass
spectrometry incorporating denoising autoencoder and machine learning. J Microbiol Methods 2022,
192:106378.

�. Hu MM, Shu HB: Cytoplasmic Mechanisms of Recognition and Defense of Microbial Nucleic Acids.
Annu Rev Cell Dev Biol 2018, 34:357–379.

7. Crosbie EJ, Einstein MH, Franceschi S, Kitchener HC: Human papillomavirus and cervical cancer.
Lancet 2013, 382:889–899.

�. Abulizi G, Mijiti P, Naizhaer G, Tuerxun G, Abuduxikuer G, Zhang YY, Li H, Abulimiti T, Abudurexiti G,
Aierken K, et al: At what age should the Uyghur minority initiate cervical cancer screening if screened
using careHPV. Cancer Med 2021, 10:9022–9029.

9. Wormald B, Rodriguez-Manzano J, Moser N, Pennisi I, Ind TEJ, Vroobel K, Attygalle A, Georgiou P,
deSouza NM: Loop-Mediated Isothermal Ampli�cation Assay for Detecting Tumor Markers and
Human Papillomavirus: Accuracy and Supplemental Diagnostic Value to Endovaginal MRI in
Cervical Cancer. Front Oncol 2021, 11:747614.



Page 12/19

10. Schiffman M, Doorbar J, Wentzensen N, de Sanjose S, Fakhry C, Monk BJ, Stanley MA, Franceschi S:
Carcinogenic human papillomavirus infection. Nat Rev Dis Primers 2016, 2:16086.

11. Krasniqi E, Barba M, Venuti A, Pizzuti L, Cappuzzo F, Landi L, Carpano S, Marchetti P, Villa A, Vizza E,
et al: Circulating HPV DNA in the Management of Oropharyngeal and Cervical Cancers: Current
Knowledge and Future Perspectives. J Clin Med 2021, 10.

12. Bodily J, Laimins LA: Persistence of human papillomavirus infection: keys to malignant progression.
Trends Microbiol 2011, 19:33–39.

13. Laksanasopin T, Guo TW, Nayak S, Sridhara AA, Xie S, Olowookere OO, Cadinu P, Meng F, Chee NH,
Kim J, et al: A smartphone dongle for diagnosis of infectious diseases at the point of care. Sci Transl
Med 2015, 7:273re271.

14. Harshitha R, Arunraj DR: Real-time quantitative PCR: A tool for absolute and relative quanti�cation.
Biochem Mol Biol Educ 2021, 49:800–812.

15. Millar T, Knighton R, Chuck JA: Using Biotinylated Proteins to Demonstrate Immunodetection of
Antigens via Western Blotting, Dot Blots, and Immunohistochemistry. Methods Mol Biol 2015,
1314:151–164.

1�. Powell L, Wiederkehr RS, Damascus P, Fauvart M, Buja F, Stakenborg T, Ray SC, Fiorini P, Osburn WO:
Rapid and sensitive detection of viral nucleic acids using silicon microchips. Analyst 2018,
143:2596–2603.

17. Chen W, Li Z, Cheng W, Wu T, Li J, Li X, Liu L, Bai H, Ding S, Li X, Yu X: Surface plasmon resonance
biosensor for exosome detection based on reformative tyramine signal ampli�cation activated by
molecular aptamer beacon. J Nanobiotechnology 2021, 19:450.

1�. Huang F, Zhang Y, Lin J, Liu Y: Biosensors Coupled with Signal Ampli�cation Technology for the
Detection of Pathogenic Bacteria: A Review. Biosensors (Basel) 2021, 11.

19. Babamiri B, Bahari D, Salimi A: Highly sensitive bioa�nity electrochemiluminescence sensors:
Recent advances and future directions. Biosens Bioelectron 2019, 142:111530.

20. Yang W, Zhou Z, Wu H, Liu C, Shen B, Ding S, Zhou Y: Multi-function PtCo nanozymes/CdS
nanocrystals@graphene oxide luminophores and K2S2O8/H2O2 coreactants-based dual ampli�ed
electrochemiluminescence immunosensor for ultrasensitive detection of anti-myeloperoxidase
antibody. J Nanobiotechnology 2021, 19:225.

21. Chen Q, Bian Z, Chen M, Hua X, Yao C, Xia H, Kuang H, Zhang X, Huang J, Cai G, Fu W: Real-time
monitoring of the strand displacement ampli�cation (SDA) of human cytomegalovirus by a new
SDA-piezoelectric DNA sensor system. Biosens Bioelectron 2009, 24:3412–3418.

22. Uhd J, Miotke L, Ji HP, Dunaeva M, Pruijn GJM, Jorgensen CD, Kristoffersen EL, Birkedal V, Yde CW,
Nielsen FC, et al: Ultra-fast detection and quanti�cation of nucleic acids by ampli�cation-free
�uorescence assay. Analyst 2020, 145:5836–5844.

23. Zhao X, Zeng L, Mei Q, Luo Y: Allosteric Probe-Initiated Wash-Free Method for Sensitive Extracellular
Vesicle Detection through Dual Cycle-Assisted CRISPR-Cas12a. ACS Sens 2020, 5:2239–2246.



Page 13/19

24. Kim HR, Lim DR, Chae HG, Park JY, Kim SH, Lee KK, Lee C, Lyoo YS, Park CK: Advanced target-
speci�c probe-based real-time loop-mediated isothermal ampli�cation assay for the rapid and
speci�c detection of porcine circovirus 3. Transbound Emerg Dis 2020, 67:2336–2344.

25. Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N, Hase T: Loop-mediated
isothermal ampli�cation of DNA. Nucleic Acids Res 2000, 28:E63.

2�. Ali Z, Aman R, Mahas A, Rao GS, Tehseen M, Marsic T, Salunke R, Subudhi AK, Hala SM, Hamdan
SM, et al: iSCAN: An RT-LAMP-coupled CRISPR-Cas12 module for rapid, sensitive detection of SARS-
CoV-2. Virus Res 2020, 288:198129.

27. Hambalek JA, Kong JE, Brown C, Munoz HE, Horn T, Bogumil M, Quick E, Ozcan A, Di Carlo D:
Methylation-Sensitive Loop-Mediated Isothermal Ampli�cation (LAMP): Nucleic Acid Methylation
Detection through LAMP with Mobile Fluorescence Readout. ACS Sens 2021, 6:3242–3252.

2�. Hollenstein M: DNA Synthesis by Primer Exchange Reaction Cascades. Chembiochem 2018, 19:422–
424.

29. Veneziano R, Shepherd TR, Ratanalert S, Bellou L, Tao C, Bathe M: In vitro synthesis of gene-length
single-stranded DNA. Sci Rep 2018, 8:6548.

30. Kishi JY, Schaus TE, Gopalkrishnan N, Xuan F, Yin P: Programmable autonomous synthesis of single-
stranded DNA. Nat Chem 2018, 10:155–164.

31. Li X, Li X, Li D, Zhao M, Wu H, Shen B, Liu P, Ding S: Electrochemical biosensor for ultrasensitive
exosomal miRNA analysis by cascade primer exchange reaction and MOF@Pt@MOF nanozyme.
Biosens Bioelectron 2020, 168:112554.

32. Wang R, Zhao X, Chen X, Qiu X, Qing G, Zhang H, Zhang L, Hu X, He Z, Zhong D, et al: Rolling Circular
Ampli�cation (RCA)-Assisted CRISPR/Cas9 Cleavage (RACE) for Highly Speci�c Detection of
Multiple Extracellular Vesicle MicroRNAs. Anal Chem 2020, 92:2176–2185.

33. Rosch EL, Zhong J, Lak A, Liu Z, Etzkorn M, Schilling M, Ludwig F, Viereck T, Lalkens B: Point-of-need
detection of pathogen-speci�c nucleic acid targets using magnetic particle spectroscopy. Biosens
Bioelectron 2021, 192:113536.

34. Tian H, Yuan C, Liu Y, Li Z, Xia K, Li M, Xie F, Chen Q, Chen M, Fu W, Zhang Y: A novel quanti�cation
platform for point-of-care testing of circulating MicroRNAs based on allosteric spherical nanoprobe.
J Nanobiotechnology 2020, 18:158.

35. Saka SK, Wang Y, Kishi JY, Zhu A, Zeng Y, Xie W, Kirli K, Yapp C, Cicconet M, Beliveau BJ, et al:
Immuno-SABER enables highly multiplexed and ampli�ed protein imaging in tissues. Nat Biotechnol
2019, 37:1080–1090.

3�. Bao J, Qiu X, Yang H, Lu W, Yang M, Gu W, Wu L, Huo D, Luo Y, Hou C: Disposable 3D GNAs/AuNPs
DNA-Circuit Strip for miRNAs Dynamic Quanti�cation. Small 2020, 16:e2001416.

37. Li X, Zhang D, Gan X, Liu P, Zheng Q, Yang T, Tian G, Ding S, Yan Y: A Cascade Signal Ampli�cation
Based on Dynamic DNA Nanodevices and CRISPR/Cas12a Trans-cleavage for Highly Sensitive
MicroRNA Sensing. ACS Synth Biol 2021, 10:1481–1489.



Page 14/19

3�. Bodulev OL, Sakharov IY: Isothermal Nucleic Acid Ampli�cation Techniques and Their Use in
Bioanalysis. Biochemistry (Mosc) 2020, 85:147–166.

39. Mohammadniaei M, Zhang M, Ashley J, Christensen UB, Friis-Hansen LJ, Gregersen R, Lisby JG,
Ben�eld TL, Nielsen FE, Henning Rasmussen J, et al: A non-enzymatic, isothermal strand
displacement and ampli�cation assay for rapid detection of SARS-CoV-2 RNA. Nat Commun 2021,
12:5089.

40. Fozouni P, Son S, Diaz de Leon Derby M, Knott GJ, Gray CN, D'Ambrosio MV, Zhao C, Switz NA, Kumar
GR, Stephens SI, et al: Ampli�cation-free detection of SARS-CoV-2 with CRISPR-Cas13a and mobile
phone microscopy. Cell 2021, 184:323–333 e329.

41. Wolfe BR, Porubsky NJ, Zadeh JN, Dirks RM, Pierce NA: Constrained Multistate Sequence Design for
Nucleic Acid Reaction Pathway Engineering. J Am Chem Soc 2017, 139:3134–3144.

Scheme
Scheme 1 is available in supplementary section.
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Figure 1
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(a) Fluorescence spectra of different reaction solutions for target DNA detection. Each group contains
DNA polymerase, dNTP and hairpin. (b) Analysis of PER products using 12% PAGE. Lane M: 20 bp DNA
ladder marker; Lane 1: 500 nM hairpin; Lane 2: 500 nM protector; Lane 3: 500 nM target + 500 nM
protector; Lane 4: 500 nM protector + 500 nM hairpin; Lane 5: 500 nM protector + 500 nM hairpin + 500
nM target; Lane 6: PER system; Lane 7: blocked PER system; Lane 8: blocked PER system + 500 nM
target. (c) Fluorescence intensity measurement of two different reaction procedures: two-step and one-
step. (d) Fluorescence kinetics monitoring conversion of different concentrations of target DNA.

Figure 2

The optimizations of DNA polymerase concentration (a), the length of primer (b), incubating time (c) and
reaction temperature (d).
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Figure 3

(a) The �uorescence spectra of the �uorescence biosensor with different concentrations of target DNA.
(b) Changes in the �uorescence signals with different target concentrations. Inset: linear region of
�uorescence signals of target DNA. (c) Fluorescence intensity respond to the target HPV 16, double-
mismatched sequence (DM), four-mismatched sequence (FM), random sequence (RS), �ve HPV subtype,
HBV, EBV and blank with a concentration of 50 nM. (d) Heat map performance of the orthogonal
identi�cation of six HPV subtype. 
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Figure 4

The selection of target sequence within the whole genome. (a) Location of the toehold-binding sites for
both RdRP and N genes. Typical curves illustrating the �uorescence signal kinetics of the NISDA assay
over time, designed for L1 (b), L2 (c), and CPCG (d) using t-PER assay. (e) The signal to noise ratio of the
L1, L2, and CPCG using t-PER assay.
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Figure 5

(a) T-PER could be used for analyzing extracted DNA and cervical swab lysates. (b) Comparison of
reaction time for different methods. Typical method qPCR involves DNA extraction and time-consuming
reaction time ( 180 min). The direct t-PER method can be completed within 60 min at constant
temperature. (c) Measurement of HPV-16 virus in 24 patients (positive samples: P1-P16; negative
samples: N1-N8). The clinical cervical swabs samples were con�rmed by qPCR. (*P < 0.05, student’s t
test).
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Figure 6

The proposed platform for two human-associated viruses detection. (a) Schematic of the HBV genome
and corresponding target region. (b) Measurement of HPV-16 virus in 15 patients (positive samples: P1-
P10; negative samples: N1-N5). The clinical serum samples were con�rmed by qPCR. (c) Schematic of
the EBV genome and corresponding target region. (d) Measurement of HPV-16 virus in 24 patients
(positive samples: P1-P10; negative samples: N1-N5). The clinical serum samples were con�rmed by
qPCR. (*P < 0.05, student’s t test).
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