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Purpose: The persistent infection of high-risk HPV (HR-HPV) is intricately linked
to the onset and progression of cervical cancer. This research endeavored to
develop a high-throughput 2D PCR method for closed-tube genotyping of 11
HR-HPVs.

Methods: Base-quenched probes were specifically designed for FAM, VIC, and
CY5 channels. The 2D PCR system underwent optimization, with its detection
performance assessed in terms of specificity and sensitivity. Plasmid mixtures
was used to simulate multiple infections of HPV, providing preliminary insights
into the detection efficacy and throughput of the 2D PCR technology. Ultimately,
the detection capability of this method was assessed using clinical samples.

Results: The sequenced tags, when paired with primers, could generate Tm
differences exceeding 3°C. These were then integrated with a fluorescent
channel and Tm to differentiate and identify target genes upon detection. The
refined 2D PCR system was confirmed to be free from cross-reactions and
exhibited high specificity, capable of detecting 12 target genes within a single
tube. A total of 294 cervical exfoliated cell samples were tested using 2D PCR
and flow fluorescence hybridization method. The overall concordance between
the two detection methods was 96.17% (Kappa = 0.910).

Conclusion: The 2D PCR method, which integrates asymmetric PCR
amplification with melting curve analysis, has the capacity to detect 11 types
of HR-HPVs across three channels. This closed-tube detection approach offers
several benefits including high throughput, straightforward operation, and low
detection cost. Consequently, it can be effectively utilized for early screening
and prevention of cervical cancer.
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Introduction

Human papillomavirus (HPV) is a pathogen responsible for the
most prevalent sexually transmitted infection globally, with a
significant lifetime risk of infection among sexually active individuals.
Notably, 85% of women and 95% of sexually active men have been
infected by HPV (Jain et al., 2023). While the majority of HPV
infections are transient, approximately 10% of those who become
infected fail to clear the virus through immune responses, resulting in
chronic infection that can lead to cancer. In the global female
population, cervical cancer ranks as the fourth leading cause of both
new cases and deaths, with an estimated 604,000 new cases and
342,000 deaths annually (Sung et al., 2021). China, being a populous
developing nation, faces a significant burden of cervical cancer, with
approximately 110,000 new cases and 59,000 deaths reported in 2022
(Siegel etal., 2023; Liu et al., 2023). Among the over 200 genotypes of
HPV identified to date, only a few are classified as high-risk HPV
(HR-HPV) genotypes associated with carcinogenic risks (Kirk and
Graham, 2024). In fact, over 90% of cervical cancers can be linked to
HR-HPV, with HPV16 and HPV18 contributing to approximately
70% of cervical cancer cases (Skolnik and Morrow, 2023).

HPYV infection typically requires several decades to transition
normal cells into malignant cells with unrestricted proliferation. This
extended timeline offers a significant opportunity for cervical cancer
screening (Hu and Ma, 2018). Increasing evidence suggests that
molecular detection of HPV is more sensitive and reproducible than
cytological screening, offering a five-year long-term assurance for
those who test negative (Chen et al., 2024; Dorismond et al., 2024;
Heideman et al., 2024). The predominant method of molecular
detection involves nucleic acid amplification, primarily through
polymerase chain reaction (PCR), followed by open or closed tube
detection methods for product identification (Bartosik et al., 2024).
Open tube detection methods necessitate the removal of products
from the reaction tube and their transfer to other platforms such as
sequencing (Nilyanimit et al., 2018), mass spectrometry (Ashley et al.,
2018; Fernandez Asensio et al., 2018), dot blot hybridization (Kang
et al, 2019), among others. These methods demand high-quality
instruments and equipment, complex procedures, and most
importantly, pose a risk of laboratory contamination due to product
exposure. Closed tube detection predominantly relies on TagMan
fluorescent probes for product identification (Troskie et al., 2019; van
et al., 2019). Multiplex real-time fluorescence PCR, which utilizes
multicolor fluorescent channels, can detect multiple targets in closed
tubes. However, in its traditional detection strategy, the number of
fluorescent channels, fluorescent probes, and targets to be tested are
always equal. This is constrained by the number of fluorescent
channels of the PCR machine, limiting the number of targets
detectable in a single reaction to no more than six (Hasick et al., 2022).
This does not meet the requirements for HR-HPV genotyping.
Two-dimensional PCR (2D PCR), which incorporates the melting
temperature (Tm) as a second dimension, can augment detection
throughput in conjunction with multiplex real-time fluorescence PCR
(Lietal,2021; Huang et al,, 2022; Lu et al., 2021). However, employing
traditional TagMan probe technology necessitates the design of
specificity probes that match the number of targets. This approach
significantly escalates both the fluorescent background and design
costs (Huang et al., 2022). The development of an HR-HPV genotyping
detection technology, characterized by its simplicity of operation, high
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detection throughput, and low cost, would inevitably enhance the
coverage rate of cervical cancer screening and bolster the efficiency of
cervical cancer prevention and treatment.

In addressing these challenges, the field of HPV detection is
embracing novel technologies. Zhan et al. introduced a pioneering
high-throughput 2D PCR system, leveraging base quenching probe
technology, capable of closed tube detection of multiple targets (Zhan
et al,, 2020). The objective of this study was to employ this 2D PCR
technology for the multiplexed typing detection of HR-HPVs, utilizing
human hemoglobin subunit beta (HBB) as an internal quality control
measure. This approach covered 11 HR-HPVs (HPV16, HPV18,
HPV33, HPV39, HPV45, HPV51, HPV52, HPV56, HPV58, HPV59
and HPV68). Upon thorough evaluation, it was determined that the
2D PCR technology was not only user-friendly but also offered a
higher detection throughput, stable and reliable detection results.
Furthermore, it provided significant economic and social benefits,
making it apt for large-scale HPV screening initiatives.

Materials and methods
Clinical samples and materials

In this study, we collected a total of 294 cervical exfoliated cell
samples from Longhua Hospital affiliated with Shanghai University of
Traditional Chinese Medicine and the Tenth People’s Hospital of
Shanghai. Of these, 60 samples were determined to be negative for
HPV infection, serving as our control group. The remaining 234
samples were found to be infected with 11 high-risk HPV (HR-HPV)
types. These infections could be categorized into single, double, or
triple infections. The specific primers used in this study were designed
by Sangong Biotech Co. Ltd. (Shanghai, China), and the
corresponding plasmids were synthesized.

Design of single pre-tag

This study developed three probe sequences for the prevalent
fluorescence detection channels: FAM, VIC, and CY5. The reverse
complementary sequences of these three probes served as initial
precursor tags. Random positions and numbers of base mutations
were introduced to yield three sets of precursor tag sequences that
retained homology with the original tags but varied among themselves.
Their homology was further confirmed or ruled out using
BLAST. These precursor tag sequences ranged in length from 20 to 30
base pairs. Given that the G base in single-stranded DNA exhibits the
highest quenching efficiency (Mao et al., 2018), additional G bases
were incorporated at the 5" end of the precursor tag sequence to
amplify the quenching effect on the fluorescent group and enhance
the stability of the precursor tag. To ensure suitable Tm differences
among the precursor tag sequences, we combined the base quenching
probes with synthesized precursor tags and conducted a melting curve
analysis. The precursor tags were found to bind directly with the base
quenching probes. Based on the Tm span of each set of precursor tags,
the Tm difference between adjacent sequences, and the quality of the
melting curves, we ultimately selected 12 precursor tag sequences
from the three sets for the construction of a 2D PCR tag library
(Supplementary Table 1).
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Design of HPV genotypes primer

The 2D PCR method employs an asymmetric amplification
format, where only one of the target-specific primers incorporates a
tag sequence (hereafter referred to as the “tagged primer”), which
serves as the amplification template. The other primer, devoid of the
tag sequence (hereafter referred to as the “untagged primer”),
amplifies the pre-tag sequence under its influence. Initially,
we conducted a comprehensive search of sequences for 11 types of
HR-HPV (16, 18, 33, 39, 45, 51, 52, 56, 58, 59, 68) and Hemoglobin
subunit beta (HBB) genes as an reference gene in the NCBI database.
By integrating the results of our literature research with sequence
comparisons using Clustal software, we were able to identify the
conserved sequences of each target gene. We then utilized the Primer-
BLAST function of the NCBI database to design 12 pairs of target-
specific primers. The Tm value, GC content, hairpin structure, and
dimer structure of these designed primers were evaluated using
OLIGO 6 software to ensure that the primer design met the
experimental requirements. Following the exclusion of non-specific
reactions between primers, targets, and probe sequences via the
NCBI database BLAST function, the reverse complementary
sequences (tag sequences) of FI, F2, F6, F10, and F15 were,
respectively, attached to the 5 end of the upstream primers for
HPV18, HPV58, HBB, HPV33, and HPV16. Similarly, the reverse
complementary sequences (tag sequences) of V1, V2, V7, and V8
were linked to the 5" end of the upstream primers for HPV52,
HPV45, HPV51, and HPV39. Finally, the reverse complementary
sequences (tag sequences) of C4, C7, and C9 were connected to the
5" end of the upstream primers for HPV59, HPV68, and HPV56.
Primers specifically designed for this experiment primarily targeted
the E1, E4, and L1 regions of the HPV genome. The sequences and
sites of these detailed in

amplification primers are

Supplementary Table 2.

Sensitivity analysis

The plasmid stock solution, with a concentration of 10" copies/
pL, was initially diluted in a tenfold gradient to reach a concentration
of 10" copies/puL. For the purpose of LOD validation, plasmids were
selected that ranged in concentrations from 10' copies/uL to 10
copies/pL. It is important to note that the LOD for each target gene
must be ascertained independently. The 2D PCR system operates by
sequentially detecting single plasmids at varying concentrations. The
lowest concentration at which the target gene can be identified is
defined as the LOD for that specific target gene.

Design of 2D PCR reaction system

The 2D PCR system encompasses three types of base quenching
probes, twelve pairs of tagged primers, and untagged primers. To
augment the reaction’s specificity, the system utilizes heat-start HS Taq
DNA polymerase. Prior to implementing multiplex detection, this
study initially employed the 2D PCR system to examine a single target
gene, thereby preliminarily assessing the feasibility of the 2D PCR
system’s design. Following verification and system optimization, the
final total reaction system is detailed in Supplementary Table 3.
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Statistical analysis

When analyzing clinical samples, the outcomes of 2D PCR and
flow fluorescence hybridization methods should be interpreted
separately. Any samples that tested negative with internal reference
genes were excluded from the study. Given the varying range of HPV
genotypes covered by these two techniques, we only documented the
detection results for the 11 shared HR-HPVs due to the necessity for
statistical analysis. The concordance between flow fluorescence
hybridization and 2D PCR was evaluated using Cohen’s Kappa
coefficient, calculated via SPSS version 24.0 (IBM Corporation, USA).

Results
Validation results of single pre-tag Tm

In this study, we designed a total of 15 FAM channel pre-tag
sequences, 14 VIC channel pre-tag sequences, and 9 CY5 channel pre-tag
sequences. Upon verification, all synthesized pre-tags demonstrated
complementary binding with the corresponding fluorescence channel’s
base quenching probe under low temperature conditions. Furthermore,
these pre-tags dissociated from the probe during the heating process,
resulting in a specific single melting peak (Figures 1A,D,G).

As illustrated in Table 1, the Tm range for pre-tag groups within
the FAM channel was established between 36.5-62.5°C. For the VIC
channel, this range extended from 44.5-69.5°C, and for the CY5
channel, it spanned from 49.5-66.0°C. To ensure clear differentiation
between adjacent melting peaks, a screening criterion was applied:
pre-tag groups within each channel should have a minimum Tm
difference of 3°C. By integrating the Tm values of these pre-tag groups
with the quality of individual pre-tag melting curves (F1 at 42°C, F2
at47°C, F6 at 57°C, F10 at 62°C, and F15 at 37°C), we initially selected
these values to construct the label library for the FAM channel.
Similarly, V1 at 69°C, V2 at 44°C, V7 at 55°C, and V8 at 60°C were
chosen to establish the label library for the VIC channel. Finally, C4 at
50°C, C7 at 56°C, and C9 at 62°C were selected to create the label
library for the CY5 channel (Figures 1B,E,H).

In order to preliminarily investigate the viability of multiplex
detection, we amalgamated the pre-tag groups utilized for library
construction in a single channel at an equal ratio. The analysis of the
melting curve results indicated that the number of melting peaks
generated under the mixed state was equivalent to the quantity of
pre-tags present in the system. This number could correspond to a
unique one, as per Tm (Figures 1C,EI). This finding substantiated that
the initial selection of three sets of pre-tag sequences could
be effectively utilized to construct a two-dimensional PCR label library.

Optimization of F/R primers, Mg?* and
probe conditions

The PCR conditions were meticulously optimized for the tagged
primers. Subsequently, 0.05 pL, 0.1 pL, 0.15 pL, and 0.2 pL of each target
gene-tagged primer were introduced to observe variations in the melting
curve upon detection of a single plasmid. The change in the melting
curve when detecting a single plasmid should then be observed. The
quantity of tagged primer incorporated is consistently maintained at
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FIGURE 1
Establishment of 2D PCR tag library. (A) Melting curve summary of all the pre-tags of FAM channel and (B) selected pre-tags F1, F2, F6, F10, F15 of FAM
channel, (C) melting curve analysis of mixed run of selected pre-tags F1, F2, F6, F10, F15 of FAM channel; (D) melting curve summary of all the pre-tags
of VIC channel and (E) selected pre-tags V1, V2, V7, V8 of VIC channel; (F) melting curve analysis of mixed run of selected pre-tags V1, V2, V7, V8 of VIC
channel; (G) melting curve summary of all the pre-tags of CY5 channel and (H) selected pre-tags C4, C7, C9 of CY5 channel; (I) melting curve analysis
of mixed run of selected pre-tags C4, C7, C9 of CY5 channel.

0.1 pL, while the volume of untagged primer is sequentially adjusted to
0.2 uL, 0.4 pL, 0.6 pL, and 0.8 pL, in order to ascertain the optimal
quantity of untagged primer required. Subsequently, based on the
optimal quantity of amplicons, we incorporated a base quenching probe,
tagged primer, and untagged primer into the 2D PCR reaction system.
We adjusted the Mg** concentration in the system to 1 mM, 1.5 mM,
2 mM, and 2.5 mM respectively, and then conducted detection for single
plasmid analysis. Finally, based on the optimization results, adjustments
were made to the quantities of untagged and tagged primers.
Additionally, the quantity of three base quenching probes was
incrementally increased during the detection of a single plasmid. This
was done by observing the dynamic changes in the melting curve
corresponding to probe loading amounts of 0.1 pL, 0.2 pL, 0.3 uL,
0.4 pL, and 0.5 pL, respectively, (Supplementary Figure 1).

Specificity verification experiment result

Figure 2 presents the specificity verification results. It is
evident from this figure that there was no cross-reaction between
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primers, probes, and gene sequences within the 2D PCR
system. In each single gene detection, only one primer was
capable of amplifying the target sequence, and a singular
probe could recognize the amplified product. Furthermore, all
melting curves exhibited a single peak. A summary of these
findings can be seen in Figure 2. The significant difference in Tm
value across each detection channel was easily discernible. When
combined with fluorescence channel and Tm values, all target
genes were successfully identified: HPV16 (FAM-37°C), HPV18
(FAM-42°C), HPV33 (FAM-62°C), HPV39 (VIC-60°C), HPV45
(VIC-44°C), HPV51 (VIC-55°C), HPV52 (VIC-69°C), HPV56
(CY5-62°C), HPV58 (FAM-47°C), HPV59 (CY5-50°C), HPV68
(CY5-56°C), HBB (FAM-57°C). Notably, when samples tested
positive for HPV6, HPV61, or HPVS81 via flow fluorescent
hybridization assay, only a melting peak representing the HBB
gene was observed in the 2D PCR melting curve. This suggests
that there was no cross-reaction between the 2D PCR and low risk
subtypes of HPV6, HPV61l, and HPV8I. Overall, these
experimental results demonstrate superior specificity of the 2D
PCR method.
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LOD verification experiment result Within the detectable concentration range, it was observed that the
peak of the melting peak escalated in correlation with an increase in

Plasmids with concentrations ranging from 10' copies/pL to 10°  plasmid concentration. The LOD for HPV39 and HPV59 was
copies/pL were utilized to ascertain the Limit of Detection (LOD).  established at 10" copies/uL (0.01 pg./mL), while for HPV18, HBB,

TABLE 1 Comparison of consistency between flow fluorescence hybridization and 2D PCR.

Flow fluorescence Flow fluorescence
Hybridization assay Hybridization assay
Positive samples Negative samples
2D PCR 2D PCR 2D PCR 2D PCR Coincidence
HPV types . 5 o . 5 Kappa
Positive samples Negative samples Positive samples = Negative samples rate(%)

HR-HPV 226 8 1 59 96.17 0.910
HPV16 28 6 0 260 82.35 0.892
HPV58 26 3 0 265 89.66 0.940
HPV18 27 0 0 267 100.00 1.000
HPV52 43 1 0 250 97.73 0.987
HPV51 27 0 0 267 100.00 1.000
Other HPV® 95 8 11 180 83.33 0.859

*HPV33, HPV39, HPV45, HPV56, HPV59 and HPV68 with low infection frequency were analyzed.
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Specificity verification. All figures displayed only a single melting curve, with no evidence of cross-reaction.
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and HPV68, it was determined to be 10* copies/pL (0.1 pg./mL). For
HPV16, HPV33, HPV58, HPV45, and HPV51, the LOD was found to
be 10° copies/pL (1 pg./mL). Furthermore, the LOD for HPV52 was
established at 10* copies/pL (10 pg./mL), while for HPV56, it was
determined to be 10° copies/pL, equivalent to 100 pg./mL (Figure 3).

Multiple infection simulation experiment

As depicted in Figure 4, the FAM channel melting curve from
a single infection simulation involving both the HPV33 and HBB

10.3389/fmicb.2025.1528094

plasmids exhibited dual peaks, which were subsequently identified
as HPV33 and HBB based on their Tm values. In contrast, the FAM
channel melting curve from a dual infection simulation
incorporating the HPV33, HPV58, and HBB plasmids revealed
three distinct melting peaks, corresponding to HPV33, HPV58,
and HBB based on their Tm values. Upon analyzing hybrid DNA
from 12 different plasmids, the melting curves of three detection
channels yielded a total of 12 melting peaks, each corresponding
to one of the 12 target genes amplified by 2D PCR. These findings
suggest that 2D PCR possesses the capability to simultaneously
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detect 2, 3, and even 12 target genes, identifying up to 11 HR-HPV's
in a single run.

Clinical sample testing

A total of 294 cervical exfoliated cell samples were collected in this
study, and the extracted DNA was detected by flow cytometry
and 2D PCR.

10.3389/fmicb.2025.1528094

Flow cytometric fluorescence hybridization revealed no instances
of HPV infection in the 60 samples. However, 234 samples were found
to be infected with 11 types of HR-HPV, as identified by 2D
PCR. These infections could be categorized into single infections (198,
or 84.62%), double infections (34, or 14.53%), and triple infections (2,
or 0.85%). Among these, 34 samples tested positive for HPV16, 27 for
HPV18, 11 for HPV33, 22 for HPV39, 18 for HPV45, 27 for HPV51,
44 for HPV52, 23 for HPV56, 29 for HPV58, 23 for HPV59, and 14
for HPV68.
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The 2D PCR identified 227 positive samples and 67 negative
samples. The positive samples were further categorized into 193
(85.02%) single infections, 30 (13.22%) double infections, and
4(1.76%) triple infections. These included 28 HPV 16 positives, 27
HPV18 positives, 16 HPV33 positives, 25 HPV39 positives, 18
HPV45 positives, 27 HPV51 positives, 43 HPV52 positives, 20
HPV56 positives, 26 HPV58 positives, 21 HPV59 positives, and 14
HPV68 positives. Figure 5 illustrates the detection results of
various clinical samples using the 2D PCR, including both negative

samples and samples with single or multiple HPV infections.

10.3389/fmicb.2025.1528094

Consistency analysis

Table 1 conducted a consistency analysis of the sample detection
results. Among the 294 clinical samples that were co-detected, there
were eight samples reported as positive by flow fluorescence
hybridization and negative by 2D PCR. Additionally, one sample was
reported as positive by 2D PCR and negative by flow fluorescence
hybridization. The overall detection result agreement rate between
these two methods was 96.17% (Kappa = 0.910). In terms of HPV
typing results, the consistency between flow fluorescence hybridization
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and 2D PCR for detecting HPV18 and HPV51 was remarkably high,
with an agreement rate of 100.00% (Kappa = 1.000). However, this rate
decreased to 82.35% (Kappa = 0.892) for HPV16.

Discussion

This study developed a high-throughput 2D PCR system utilizing
base quenching probe technology, identifying 12 target genes in FAM,
CY5, and VIC
non-homologous probe sequences and identified three groups of

channels. The research synthesized three
pre-tagged sequences with a temperature difference (Tm) exceeding
3°C. The reverse complementary sequence of these pre-tagged
sequences was then ligated to the upstream primer’s 5" end, specifically
directing toward the target gene under examination. Following system
optimization experiments, we ultimately designed a 2D PCR system
comprising three types of base quenching probes, 12 band tagged
primers, and 12 untagged primers. Verification confirmed that the
optimized system exhibited excellent specificity and sensitivity, capable
of simultaneously detecting all 12 target genes in a single reaction. This
system holds significant potential for detecting multiple infections of
HPV and can provide reliable detection results for clinical samples.
In comparison to existing HPV detection methods, 2D PCR
technology presents a high-throughput closed tube, whole typing
detection approach. This method can identify 11 HR-HPV types
associated with cervical cancer solely through PCR amplification and
melting curve analysis, eliminating the need for additional product
identification equipment or complex processing procedures. It also
mitigates the risk of false positives due to laboratory contamination.
While it encompasses fewer HPV genotypes than flow fluorescence
hybridization, 2D PCR offers superior economic benefits. Its ability to
detect multiple genes in a single channel necessitates only one
fluorescent probe, which does not require quenching groups.
According to Luo et al, the estimated total cost of Real-time
quantitative PCR (Q-PCR) for a single reaction is approximately
$0.055, encompassing the costs of primers, probes, buffer, ANTPs, and
Taq DNA polymerase (Luo et al., 2009). In the 2D PCR method, 5 OD
of primer can detect approximately 2000 DNA samples. When
calculating based on 30 pairs of HPV primers, the cost is roughly
$1.42 per sample. In contrast, the cost of the flow fluorescence
hybridization assay (Shanghai Topview Life Technology Co., LTD) is
approximately $15 per sample. The cost of detection is approximately
one-tenth that of flow fluorescence hybridization. Moreover, the 2D
PCR analysis technology offers simplicity in operation, requires basic
equipment, and does not necessitate additional product identification
equipment or complex processing procedures, making it easily
accessible and adaptable. Furthermore, the system design of 2D PCR
is more straightforward and adaptable. Both probes and labels do not
directly target the gene under examination; instead, they are randomly
designed. This allows for an extensive range of available probe and
label sequences, reducing the complexity of design due to sequence
similarity with the target gene. The 2D PCR technology has
demonstrated exceptional performance in high-throughput detection.
When identifying an equal number of target genes, its reaction time
is shorter, results are reliable and stable, and the probe recognition
function remains unaffected by genomic mutations in the amplified
region. This makes it suitable for large batch population screening
work. Therefore, 2D PCR is an extremely viable and promising HPV
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detection technology, aiding in early detection of HPV and prevention
of cervical cancer screening.

We do Sanger sequencing for all the same samples as we analysed
with 2D-PCR. Our analysis revealed that, of the 294 samples in our
dataset, the sensitivity and specificity of the 2D-PCR method compared
to Sanger sequencing were 96.6 and 90.8%, respectively. In contrast,
the sensitivity and specificity of the flow fluorescence hybridization
assay were 99.6 and 79.7%, respectively. It is well-established that the
sensitivity of 2D-PCR closely mirrors that of flow fluorescence
hybridization, while offering superior specificity. The flow fluorescence
hybridization method yielded inconsistent results with sequencing in
16 samples, while the 2D PCR produced discrepancies in 14 samples.
The concordance rate between the flow fluorescence hybridization
method and sequencing stood at 93.9%, whereas the concordance rate
between 2D PCR and sequencing was slightly higher, at 94.7%. These
findings suggest that the 2D PCR method offers a performance
advantage over existing commercial HPV tests.

Among the existing literature on 2D PCR technology, the HPV
detection system developed in this study incorporated the highest
number of target genes for testing. It was also the first to demonstrate
the potential of 2D PCR technology for simultaneous detection of 12
target genes. However, there is still room for enhancement in its
detection performance. In the LOD verification experiments, low
concentrations of HPV52 and HPV56 plasmids were not readily
detected. When clinical samples were analyzed, the melting peak of
HPV16 tended to be flat, failing to meet the interpretation criteria for
positive results. This discrepancy between 2D PCR and flow
fluorescence hybridization methods, as well as sequencing, can
be attributed to this issue. The single pre-tag analysis, mixed pre-tag
analysis, and single pair primer detection experiments conducted in
this study yielded melting peaks with varying relative peaks. These
findings suggest that the quality of the melting curve and the
detection of target genes are influenced by the amplification efficiency
of primers and the binding ability of pre-tags to probes. If a higher
amplification efficiency primer and a more strongly binding pre-tag
can be designed for the 2D PCR system, changes in fluorescent signal
will be more easily detected. This would facilitate the detection of low
concentration DNA and improve the quality of the melting curve.
Therefore, it is anticipated that the performance indicators and
application value of 2D PCR will continue to be optimized.

The essential elements of the 2D PCR system comprise the base
quenching probe and homologous tag sequences. A single tag lacks
target gene specificity; however, when coupled with the target gene
primer, the tag can specifically refer to the target gene under
examination based on the Tm value of the reverse complementary
sequence. Thus, provided there is no non-specific binding among the
probe sequence, tag sequence, target sequence, and primer sequence,
the base quenching probe and tag sequence developed in this study
can be effectively used for high-throughput detection of other
pathogen target genes, indicating wide applicability and flexibility.

Furthermore, this research employed a point mutation strategy to
modify the Tm value of the pre-tag sequence. The effective hybridization
length between the pre-tag and probe can also induce a shift in the Tm
value during the melting curve analysis process. This approach not only
streamlines the design of fluorescent probes and homologous labels but
also yields Tm values that are closer to their true values (Xu et al., 2023).
2D PCR technology offers substantial social and economic advantages,
demonstrating strong clinical application potential and transformative
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capabilities. If further refinements and optimizations are achieved, it is
anticipated that this technology will assume a more pivotal role in high-
throughput detection.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Shanghai Tenth People’s Hospital. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation was not
required from the participants or the participants’ legal guardians/
next of kin because Observational studies using medical records/
biological specimens obtained in previous clinical care.

Author contributions

WW: Data curation, Methodology, Writing - original draft. MJ:
Methodology, Writing - original draft, Formal analysis. YL: Methodology,
Data curation, Writing — original draft. XW: Data curation, Formal
analysis, Writing — original draft. YC: Resources, Writing - original draft.
XZ: Supervision, Writing — review & editing. WL: Writing — review &
editing, Funding acquisition, Project administration.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article.

References

Ashley, S. E., Meyer, B. A,, Ellis, J. A., and Martino, D. J. (2018). Candidate gene testing
in clinical cohort studies with multiplexed genotyping and mass spectrometry. J. Vis.
Exp. 136:57601. doi: 10.3791/57601

Bartosik, M., Moranova, L., Izadi, N., Strmiskova, J., Sebuyoya, R., Holcakova, J., et al.
(2024). Advanced technologies towards improved HPV diagnostics. J. Med. Virol.
96:€29409. doi: 10.1002/jmv.29409

Chen, M., Ye, Z., Wang, H., Cui, X, Seery, S., Wu, A., et al. (2024). Genotype, cervical
intraepithelial neoplasia, and type-specific cervical intraepithelial neoplasia distributions
in hrHPV+ cases referred to colposcopy: a multicenter study of Chinese mainland
women. J. Med. Virol. 96:¢29475. doi: 10.1002/jmv.29475

Dorismond, V. G,, Saraiya, M., Gopalani, S. V,, Soman, A., Kenney, K., Miller, ], et al. (2024).
Variation in cervical cancer screening test utilization and results in a United States-based
program. Gynecol. Oncol. 184, 96-102. doi: 10.1016/j.ygyno.2024.01.020

Ferndndez Asensio, A., Iglesias, T., Cotarelo, A., Espina, M., Blanco-Gonzilez, E.,
Sierra, L. M., et al. (2018). Multiplex polymerase chain reaction in combination with gel
electrophoresis-inductively coupled plasma mass spectrometry: a powerful tool for the
determination of gene copy number variations and gene expression changes. Anal.
Chim. Acta 1023, 64-73. doi: 10.1016/j.aca.2018.03.047

Hasick, N., Kim, R. R., Xu, Y., Bone, S., Lawrence, A., Gibbs, C., et al. (2022).
PlexProbes enhance qPCR multiplexing by discriminating multiple targets in each
fluorescent channel. PLoS One 17:€0263329. doi: 10.1371/journal.pone.0263329

Heideman, D. A. M., Berkhof, J., Verhoef, L., Ouwerkerk, C., Smit, P. W., Ostrbenk
Valencak, A., et al. (2024). Validation of the clinical performance and reproducibility of

Frontiers in Microbiology

10.3389/fmicb.2025.1528094

This study was supported by grants from the Special Clinical
Research Project of Shanghai Municipal Health Commission (grant
no. 202140147), Shanghai Science and Technology Commission
“Science and Technology Innovation Action Plan” medical
innovation research project (grant no. 22Y11902900; 23Y1190800),
and Shanghai Health Leading Talents Program (grant no.
20221J021).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Generative AI was used in the creation
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1528094/
full#supplementary-material

the NeuMoDx HPV assay self-sample workflow. J. Clin. Virol. 171:105649. doi: 10.1016/j.
jcv.2024.105649

Hu, Z., and Ma, D. (2018). The precision prevention and therapy of HPV-related
cervical cancer: new concepts and clinical implications. Cancer Med. 7, 5217-5236. doi:
10.1002/cam4.1501

Huang, Q,, Chen, D, du, C,, Liu, Q, Lin, S,, Liang, L, et al. (2022). Highly multiplex PCR
assays by coupling the 5"-flap endonuclease activity of TagDNA polymerase and molecular
beacon reporters. Proc. Natl. Acad. Sci. USA 119:¢2110672119. doi: 10.1073/pnas.2110672119

Jain, M., Yadav, D., Jarouliya, U, Chavda, V,, Yadav, A. K., Chaurasia, B., et al. (2023).
Epidemiology, Molecular Pathogenesis, Immuno-Pathogenesis, Immune Escape
Mechanisms and Vaccine Evaluation for HPV-Associated Carcinogenesis. Pathogens
12:1380. doi: 10.3390/pathogens12121380

Kang, Y., Sun, P,, Mao, X., Dong, B., Ruan, G., and Chen, L. (2019). PCR-reverse dot
blot human papillomavirus genotyping as a primary screening test for cervical cancer
in a hospital-based cohort. J. Gynecol. Oncol. 30:e29. doi: 10.3802/jg0.2019.30.29

Kirk, A., and Graham, S. V. (2024). The human papillomavirus late life cycle and links
to keratinocyte differentiation. J. Med. Virol. 96:€29461. doi: 10.1002/jmv.29461

Li, Y., Wan, Z., Zuo, L., Li, S., Liu, H., Ma, Y,, et al. (2021). A novel 2-dimensional
multiplex gPCR assay for single-tube detection of nine human herpesviruses. Virol. Sin.
36, 746-754. doi: 10.1007/s12250-021-00354-2

Liu, S., Mei, B., Ouyang, Y., and Li, C. (2023). Prevalence and genotype
distribution of human papillomavirus infection among women in Jingzhou, China:

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1528094
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1528094/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1528094/full#supplementary-material
https://doi.org/10.3791/57601
https://doi.org/10.1002/jmv.29409
https://doi.org/10.1002/jmv.29475
https://doi.org/10.1016/j.ygyno.2024.01.020
https://doi.org/10.1016/j.aca.2018.03.047
https://doi.org/10.1371/journal.pone.0263329
https://doi.org/10.1016/j.jcv.2024.105649
https://doi.org/10.1016/j.jcv.2024.105649
https://doi.org/10.1002/cam4.1501
https://doi.org/10.1073/pnas.2110672119
https://doi.org/10.3390/pathogens12121380
https://doi.org/10.3802/jgo.2019.30.e29
https://doi.org/10.1002/jmv.29461
https://doi.org/10.1007/s12250-021-00354-2

Wang et al.

a population-based study of 51, 720 women. Virol. J. 20:297. doi: 10.1186/
512985-023-02262-1

Lu, L., Li, M., Li, Y,, Jiang, M., Jiang, Y., Shi, X., et al. (2021). A novel molecular method
for simultaneous identification of Vibrio parahaemolyticus 57 K-serogroups using probe
melting curve analysis. Front. Cell. Infect. Microbiol. 11:594808. doi: 10.3389/
fcimb.2021.594808

Luo, G., Zheng, L., Zhang, X., Zhang, J., Nilsson-Ehle, P, and Xu, N. (2009).
Genotyping of single nucleotide polymorphisms using base-quenched probe: a method
does not invariably depend on the deoxyguanosine nucleotide. Anal. Biochem. 386,
161-166. doi: 10.1016/j.ab.2008.11.032

Mao, H., Luo, G., Zhan, Y., Zhang, J., Yao, S., and Yu, Y. (2018). The mechanism and
regularity of quenching the effect of bases on fluorophores: the base-quenched probe
method. Analyst 143, 3292-3301. doi: 10.1039/C8AN00116B

Nilyanimit, P.,, Chansaenroj, J., Poomipak, W., Praianantathavorn, K., Payungporn, S.,
and Poovorawan, Y. (2018). Comparison of four human papillomavirus genotyping
methods: next-generation sequencing, INNO-LiPA, electrochemical DNA Chip, and
nested-PCR. Ann. Lab. Med. 38, 139-146. doi: 10.3343/alm.2018.38.2.139

Siegel, R. L., Miller, K. D., Wagle, N. S., and Jemal, A. (2023). Cancer statistics, 2023.
CA Cancer J. Clin. 73, 17-48. doi: 10.3322/caac.21763

Frontiers in Microbiology

11

10.3389/fmicb.2025.1528094

Skolnik, J. M., and Morrow, M. P. (2023). Vaccines for HPV-associated diseases. Mol.
Asp. Med. 94:101224. doi: 10.1016/j.mam.2023.101224

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A., et al.
(2021). Global Cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209-249. doi: 10.3322/
caac.21660

Troskie, M., de, L., Leisewitz, A., Oosthuizen, M., and Quan, M. (2019). Development
and validation of a multiplex, real-time PCR assay for Babesia rossi and Babesia vogeli.
Ticks Tick Borne Dis. 10, 421-432. doi: 10.1016/j.ttbdis.2018.12.004

van, H., Wallon, T., Lévesque, C. A., and Carisse, O. (2019). Detection and
quantification of Pythium tracheiphilum in soil by multiplex real-time qPCR. Plant Dis.
103, 475-483. doi: 10.1094/PDIS-03-18-0419-RE

Xu, H,, Sun, Y., Zhang, X., Chen, R., Cai, Z., Zhao, B., et al. (2023). Universal two-
dimensional labelled probe-mediated melting curve analysis based on multiplex PCR
for rapid typing of plasmodium in a single closed tube. Microb. Biotechnol. 16, 838-846.
doi: 10.1111/1751-7915.14232

Zhan, Y., Zhang, J., Yao, S., and Luo, G. (2020). High-throughput two-dimensional
polymerase chain reaction technology. Anal. Chem. 92, 674-682. doi: 10.1021/acs.
analchem.9b02030

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1528094
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/s12985-023-02262-1
https://doi.org/10.1186/s12985-023-02262-1
https://doi.org/10.3389/fcimb.2021.594808
https://doi.org/10.3389/fcimb.2021.594808
https://doi.org/10.1016/j.ab.2008.11.032
https://doi.org/10.1039/C8AN00116B
https://doi.org/10.3343/alm.2018.38.2.139
https://doi.org/10.3322/caac.21763
https://doi.org/10.1016/j.mam.2023.101224
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.ttbdis.2018.12.004
https://doi.org/10.1094/PDIS-03-18-0419-RE
https://doi.org/10.1111/1751-7915.14232
https://doi.org/10.1021/acs.analchem.9b02030
https://doi.org/10.1021/acs.analchem.9b02030

	Application of 2D polymerase chain reaction for single-tube detection of high-risk human papillomaviruses
	Introduction
	Materials and methods
	Clinical samples and materials
	Design of single pre-tag
	Design of HPV genotypes primer
	Sensitivity analysis
	Design of 2D PCR reaction system
	Statistical analysis

	Results
	Validation results of single pre-tag Tm
	Optimization of F/R primers, Mg2+ and probe conditions
	Specificity verification experiment result
	LOD verification experiment result
	Multiple infection simulation experiment
	Clinical sample testing
	Consistency analysis

	Discussion

	References

