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Abstract
Cervical cancer is significantly associated with persistent infection of
human papillomavirus (HPV) type 18, making accurate detection of low-
abundance HPV-18 mRNA crucial for diagnosis and treatment. Current
nucleic acid detection methods are often limited by complex
instrumentation, time-consuming procedures, or fluorophore modifications.
To address this, we developed an enzyme-free colorimetric biosensor by
integrating a multicomponent nucleic acid enzyme (MNAzyme) with
catalytic hairpin assembly (CHA) for signal amplification. In this strategy,
target recognition triggers the formation of an active MNAzyme that
cleaves a substrate hairpin, initiating a CHA cascade which releases G-rich
sequences. These sequences form G-quadruplexes with peroxidase-like
activity, catalyzing the oxidation of colorless TMB into a soluble blue
product, enabling both visual detection and spectrophotometric
quantification at 650 nm. Under optimized conditions, the biosensor

achieved a detection limit of 6.92 pM for HPV-18 mRNA, allowing naked-eye



identification of target levels as low as 10 pM. The platform exhibited high
specificity and could be adapted to detect other HPV mRNA subtypes by
simply modifying the recognition sequence. This work presents a universal,
simplified, and sensitive colorimetric strategy with great promise for future
development of point-of-care testing and viral analysis platforms.
Keywords: Cervical cancer; Catalytic hairpin assembly; MNAzyme;
Colorimetric assay

Introduction

Cervical cancer is the fourth most common cancer among women worldwide,
with mortality rates reaching up to 30 per 100,000 in underdeveloped
regions and countries [1]. Extensive research has shown that HPV infection
is the primary cause of cervical cancer, with more than 99% of invasive
cervical cancers associated with high-risk HPV genotypes [2]. HPV is a non-
enveloped DNA virus with a circular double-stranded, closed structure, and
over 200 HPV subtypes have been identified to date [3]. Among these, HPV-
18 is closely associated with approximately 70%-90% of cervical cancers [4].
Recent literature has also reported the detection of HPV-18 in sentinel
lymph nodes of cervical cancer. Although HPV DNA testing has the
drawback of false positives due to transient infections [5], HPV mRNA
testing offers high specificity in detecting cervical intraepithelial lesions,
thereby reducing the false positive rate [6]. Therefore, detecting HPV-18
mRNA is of significant importance for the diagnosis and treatment of

cervical cancer.



A simple, simplified, and cost-effective biosensor for nucleic acid biomarker
detection is crucial for early disease diagnosis and monitoring. Currently,
various methods are widely used for HPV detection, such as high-
performance liquid chromatography (HPLC) [7], electrochemical detection
[8], fluorescence analysis [9], and colorimetric methods [10]. Each of these
methods has its advantages but also presents certain limitations. For
instance, HPLC typically requires bulky equipment, long washing times,
specialized operators, and hazardous reaction conditions, which are not
conducive to on-site testing [11, 12]. In contrast, colorimetric methods, with
their visually readable results, portability, and ease of operation, are
particularly suitable for the detection of HPV genes[13, 14]. However,
traditional colorimetric methods often lack the sensitivity needed to detect
trace targets due to the absence of signal amplification processes [15]. With
the advancement of DNA nanotechnology, various signal amplification
strategies have been developed, significantly enhancing the sensitivity of
colorimetric methods [16]. Nonetheless, the low sensitivity of single
amplification strategies still poses challenges for detecting trace targets
[17]. To meet the demands for trace detection, methods combining multiple
amplification strategies have garnered increasing attention, as they
effectively address the limitations of single amplification strategies, thereby
significantly improving detection sensitivity.

Functional nucleic acid technology has emerged as a prevalent approach for

DNA analysis, attributed to its remarkable programmability, superior



detection capabilities, and straightforward synthesis processes [18, 19].
Multicomponent nucleic acid enzyme (MNAzyme), a nucleic acid-based
catalytic molecule, facilitates the cyclic cleavage of specific substrate
sequences, thereby enabling signal amplification, with the assistance of
Mg?* ions [20]. Several studies have demonstrated the integration of
MNAzyme with various amplification techniques to boost detection
sensitivity [21, 22]. Catalytic hairpin assembly (CHA) is an isothermal,
protein-free signal amplification method that relies on DNA circuits for
analyte detection [23, 24]. This method utilizes DNA circuits for isothermal
amplification, initiating a signal cascade through brainch migration between
two metastable DNA hairpins. As a promising molecular amplifier, CHA has
found extensive application in biosensor technology [25, 26]. The G-
quadruplex/Hemin (GQ/Hemin) compiex acts as a dependable signal output
module for CHA reactions, suitable for direct colorimetric analysis due to its
thermal stability and ease of preparation and modification [26]. Upon the
formation of the GQ/Hemin complex by the interaction of a G-quadruplex
with Hemin, it can catalyze redox reactions of substrates like 3,3'5,5'-
tetramethylbenzidine (TMB) and ABTS in the presence of hydrogen
peroxide, causing notable changes in the solution's color and absorption
spectrum [27].

In this research, we designed a protein-free colorimetric biosensing system
by combining MNAzyme and CHA to detect HPV-18 mRNA. Upon specific

recognition of HPV-18 mRNA by the MNAzyme, an active MNAzyme



complex is formed, which cleaves H1. The cleavage event triggers a
subsequent CHA cascade, leading to the sequential unfolding of DNA
hairpins H2 and H3. This chain of cyclic reactions amplifies the signal by
producing a significant quantity of G-quadruplex structures. In the presence
of Hemin, the self-assembled GQ/Hemin complex mimics the activity of
horseradish peroxidase, catalyzing the transformation of the colorless
substrate TMB into a soluble blue product. The resultant color change and
optical density variations in the solution provide a straightforward method
for both qualitative and quantitative sample analysis. Therefore, we believe
that combining MNAzyme cleavage with the CHA strategy not only
enhances detection sensitivity but also provides a novel approach for the
detection of trace targets using multiple amplification strategies.

Materials and methods

Cell Line and Cell Cultare

HEK293 cells were cultured in DMEM medium (Gibco, USA) supplemented
with 10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin.
The culture conditions were 37 °C with 5% CO,. When the cells reached 60-
80% confluence, the medium was replaced with DMEM without FBS. After
approximately 48 hours of culture, the HEK293 cells was collected for
subsequent experiments.

Materials and Reagents

The synthetic oligonucleotides utilized in this study were commercially

obtained from Sangon Biotech (China) Co., Ltd., with corresponding



sequences provided in Table S1. Essential biochemical reagents including
PBS, KCl, NaCl, MgCl; - 6H,0, 6x DNA loading buffer, and PAGE Pre-
Solution were acquired from Solarbio Science & Technology Co., Ltd. For
buffer preparation, 1 M Tris-HCIl solution (pH 7.4) was purchased from
Beyotime Institute of Biotechnology (China). Critical reaction components
comprising 3,3’,5,5-tetramethylbenzidine (TMB), Hemin, and the N,N,N’,N’-
Tetramethylethylenediamine (TEMED) were supplied by Aladdin Reagent
(China) Co., Ltd.. All remaining reagents were of analytical grade and
employed without further purification.

Probe Design Rationale

The design of oligonucleotide probes (Parti, Part2, H1, H2, H3) followed
established principles for MNAzyme and CHA systems to ensure efficient
target recognition, cleavage, and signal amplification. The split MNAzyme
sequences in Partl and Part2 were derived from the 10-23 DNAzyme motif,
with arm lengths of 8-10 nucleotides selected based on prior studies to
ensure stable hybridization with target mRNA while maintaining catalytic
activity upon assembly [28]. The substrate H1 incorporates a single
ribonucleotide (rU) flanked by a guanine (rG) to form an rG-rU dinucleotide
cleavage site, which is efficiently recognized and cleaved by the assembled
MNAzyme in the presence of Mg?*. For the CHA component, the sequences
of H2 and H3 were designed using NUPACK (http://www.nupack.org) to
minimize secondary structure interference and to maintain metastable

states in the absence of the initiator sDNA1. Stem regions were optimized



to exhibit AG values between -6 and -8 kcal/mol, preventing spontaneous
opening while allowing efficient strand displacement during CHA.
Additionally, H2 contains a G-rich track (GGGT) that, upon release, forms a
stable parallel G-quadruplex structure capable of binding hemin and
exhibiting peroxidase-mimicking activity for colorimetric signal output.
Fluorescence assay validation of MNAzyme

To validate the structural integrity of the MNAzyme assembly, we
engineered the terminal regions of H1 with FAM/BHQ1 fluorophore-
quencher pairs. Reactions were conducted in Tris-HCI] buffer (pH 7.4) to
maintain physiological compatibility and catalytic efficiency. Partl and
Part2 were denatured in PBS buffer at 95 °C {or 5 min and slowly cooled
(0.5 °C/min) to room temperature for structural optimization. The
preassembled system was then combined with 1 nM HPV18 mRNA and
annealed at 25 °C for 60 min to achieve precise MNAzyme configuration, a
temperature chosen to preserve high catalytic specificity. Subsequently,
predetermined concentrations of the modified H1 probe were introduced
into the reaction system and maintained at 25 °C for 60 min to facilitate
molecular recognition. Fluorescence quantification was performed using a
Hitachi F-7000 spectrophotometer configured with FAM-specific
parameters: excitation A = 485 nm, emission A = 520 nm, with 5 nm slit
widths for both channels.

Agarose Gel Electrophoresis

The DNA samples were supplemented with 2 pL of 100x SYBR Gold nucleic



acid stain and 2 pL of 6x DNA loading buffer to prepare electrophoretic
mixtures. Electrophoretic separation was performed in 3% agarose matrix
(w/v) submerged in 1 X TAE running buffer (40 mM Tris-acetate, 2 mM
EDTA, pH 8.5). Electrophoresis parameters were maintained at 110 V
constant voltage for 60 min. Following SYBR Gold staining, nucleic acid
bands were visualized under UV illumination using a Bio-Rad GelDoc XR
documentation system (Bio-Rad Laboratories, USA).

Colorimetric measurements

Reactions were performed in Tris-HCI buffer (pH 7.4) containing 20 mM KCl
to maintain physiological compatibility and ensure robust catalysis [29, 30].
Prior to hybridization, Partl and Part2 underwent thermal denaturation in
PBS buffer (95 °C, 5 min) followed by gradual cooling (0.5 °C/min) to
ambient conditions for structural optimization. The preassembled system
was subsequently supplemented with 1 nM HPV18 mRNA and subjected to
molecular annealing (25 °C, 60 min) to ensure precise MNAzyme
configuration (this temperature was optimized to maintain high catalytic
specificity). For hairpin structure preparation, H1/H2/H3 oligonucleotides
were heated at 95 °C for 5 min in Tris-HCI buffer, followed by slow
annealing at a cooling rate of 1 °C/min to obtain the designed hairpin
structures. The catalytic cascade was initiated by introducing 5 pL of 200
nM preconditioned H1, followed by 30 min incubation under isothermal
conditions (25 °C). Subsequent introduction of 10 pL of 200 nM H2 and H3

probes enabled chain hybridization at 37 °C for 60 min. The chromogenic



phase commenced with sequential addition of hemin (200 nM final
concentration), 30 pL. TMB liquid substrate (0.1 mg/mL TMB) and 20 pL of
0.03% H202, allowing 15 min dark-phase enzymatic oxidation. Spectral
characterization was conducted at ambient temperature using full-
wavelength scanning (300-700 nm) with peak absorption quantification at
650 nm.

Results

Principle of the assay

The design strategy for protein-free colorimetric detection of HPV18 mRNA
based on MNAzyme cleavage and CHA dual signal amplification is
illustrated in Fig. 1. The detection system utilizes two nucleic acid probes
(Partl and Part2). Specifically, two fully complementary DNA sequences
and two split MNAzyme sequences are integrated into Partl and Part2,
respectively, allowing them to hybridize and form a duplex DNA. In the
absence of HPV18 mRNA, Partl and Part2 cannot form a complete
MNAzyme. However, when HPV18 mRNA is introduced, it brings the split
fragments of Partl and Part2 into close proximity, inducing the formation of
an active MNAzyme capable of cleaving the target substrate. In the
presence of Mg2+, the active MNAzyme efficiently cleaves substrate H1,
generating segment DNA (sDNA 1), which serves as a new activator unit for
triggering subsequent CHA reactions. In brief, sDNA 1 can hybridize with
hairpin H2, releasing the G-rich sequence of H2. Subsequently, H2 can

hybridize with hairpin H3, and upon the addition of hemin, form a G-



quadruplex/hemin complex that exhibits horseradish peroxidase-like activity,
efficiently catalyzing the oxidation of TMB into a colored product (oxTMB).
The opened H2 then binds with H3 to form an H2-H3 complex, releasing
sDNA 1 to initiate the next cycle, thereby continuing to trigger additional
CHA reactions and resulting in a signal cascade amplification. Through
these cycles, a protein-free signal amplification method is successfully
established for the sensitive and visual detection of HPV18 mRNA.
Feasibility of analyzing HPV18 mRNA

The proposed detection strategy relies on the target-triggered formation of
an active MNAzyme and its subsequent cleavage of the substrate. Therefore,
Native-PAGE was first performed to verify these specific molecular events
(Fig. S1). As shown in the gel electrophoresis results, the individual
components and partial mixtures migrated rapidly (Lanes 1-4). However,
the introduction of HPV18 mRNA successfully induced the hybridization of
Partl and Part2, forming a distinctly retarded band representing the
assembled active MNAzyme ternary complex (Lane 5). To validate the
catalytic cleavage, substrate H1 was introduced. In the presence of the
essential cofactor Mg?+, the complete H1 band (55 nt) was markedly
consumed, accompanied by the clear emergence of a new dense band at
approximately 25-28 nt, corresponding to the expected cleavage products
(Lane 8). Conversely, no cleavage occurred in the absence of Mg?* (Lane 7).
This direct evidence validates the successful target-recognition and the

specific H1 cleavage capability of our design. Furthermore, this cleavage



event was dynamically confirmed in solution using a FRET-based
fluorescence assay (Fig. S2). By modifying the termini of H1 with a
FAM/BHQ1 pair, the intact H1 remained quenched due to proximity. Upon
adding the target mRNA, the fully assembled MNAzyme cleaved HI1,
separating the fluorophore and quencher, which led to a significant
recovery of the fluorescence signal.

Following the successful upstream cleavage, the released segment DNA
(sDNA 1) proceeds to trigger the downstream catalytic hairpin assembly
(CHA). To monitor this overall cascaded signal amplification, we recorded
the UV-vis absorption spectra of the solutions under various conditions (Fig.
2A and 2B). When either HPV18 mRNA or Partl was absent, only a minor
absorption signal was detected, indicating that an active MNAzyme was not
generated, thereby preventing the initiation of the CHA cascade. Similarly,
the absence of H1, H2, or H3 resulted in low absorption signals akin to the
control group (curve a). In striking contrast, the complete sensing system
containing HPV18 mRNA (curve f) exhibited a massive increase in the
absorption signal. This pronounced signal boost demonstrates that the
target-induced sDNA 1 successfully opened hairpin H2, promoting the
autonomous cyclic formation of the H2-H3 complex. This amplification
process releases a substantial amount of G-rich sequences that fold into G-
quadruplex/Hemin complexes. Acting as horseradish peroxidase mimics,
these abundant complexes efficiently catalyze the oxidation of TMB,

producing the intense colorimetric signal and confirming the excellent



analytical feasibility of the entire system.

Optimization of the Critical Parameters

To optimize the analytical performance of the MNAzyme-driven CHA
detection system, the signal-to-background ratio (A/A0) was used to identify
the best experimental conditions, where A is the absorbance intensity in the
presence of the target HPV18 mRNA, and AQO is the absorbance intensity in
its absence (blank). This included determining the optimal concentrations of
Mg?2*, H1, H2, and H3, as well as the ideal reaction time for the CHA system.
Here, A and AO represent the absorbance intensities with and without the
target HPV18 mRNA, respectively. Mg2* not only stabilizes DNA
hybridization but also enhances MNAzyme catalytic activity [31],
significantly affecting the A/AO ratio. As shown in Fig. 3A, an Mg?2*
concentration of 10 mM notabiy increased the A/AO0 value, leading to its
selection for further ftests. H1 is crucial for the system's analytical
performance. While a sufficient amount of H1 is necessary for effective
cycling, higher concentrations can cause significant background signals due
to nonspecific H1-H2 interactions. Therefore, for detecting 0.1 nM HPV18
mRNA, 100 nM of H1 was determined to be optimal, as illustrated in Fig. 3B.
The concentrations of H2 and H3 greatly influence the CHA system's
amplification efficiency. Low levels of these components can reduce
efficiency, while excessive amounts may form a stable H2-H3 duplex,
increasing background (AO). Fig. 3C indicates that 200 nM of both H2 and

H3 are optimal, and these concentrations were selected to ensure high



sensitivity in subsequent experiments. The CHA reaction time, a critical
factor, affects the stability and interaction of H2 and H3. Fig. 3D shows that
the A/AO ratio increases with reaction time, reaching saturation at 60
minutes. Thus, 60 minutes was chosen as the optimal CHA reaction time.
Sensitivity for the sensing system

After optimizing the critical reaction parameters for the MNAzyme-driven
CHA detection system, we tested various concentrations of HPV18 mRNA
(ranging from 1 pM to 10 nM) to assess the effectiveness of this
colorimetric detection method. As illustrated in Fig. 4, without HPV18
mRNA, the solution remained colorless. However, as the concentration of
HPV18 mRNA increased, the absorbance at 650 nm in the UV-visible
spectrum rose, and the solution furned increasingly blue, indicating
enhanced catalytic activity of the self-assembled GQ/Hemin complex. Our
colorimetric method can visually detect HPV18 mRNA concentrations as low
as 10 pM (Fig. 4A). There was a linear positive correlation between
absorbance and the logarithm of HPV18 mRNA concentration from 10 pM
to 50 nM (R? = 0.957), with the linear regression equation given by Y =
0.0975*1g(Cupvis mrna) + 0.2559, where Yis the absorbance at 650 nm and
CHPV18 mRNA is the target mRNA concentration. The LOD was

determined by calculating the signal of the blank plus three times the
standard deviation (Y;0p=Y pant30), and substituting this absorbance
value into the regression equation to solve for the concentration (Fig. 4B).

These LOD results and the standard curve confirm the method's good



sensitivity.

Absorbance plots of different samples at 650 nm

We further assessed the anti-interference capabilities of the MNAzyme-
driven CHA dual-signal amplification strategy by introducing varying
concentrations of BSA (0, 0.5%, 5%, and 10%) into the Tris-HCI buffer. As
shown in Fig. 5A, the method achieved a relative standard deviation (RSD)
of approximately 5.11% (n = 3) when detecting HPV18 mRNA,
demonstrating exceptional anti-interference performance in complex
environments. To test the long-term storage stability, we stored the main
analytical reagents (H1, H2, and Partl and Part2 sequences) at -20 °C (Fig.
5B). The results indicated that, with proper storage (minimizing freeze-thaw
cycles), the DNA sequences retained appreciable stability and analytical
performance over time. The method's stability and strong detection
performance are largely due to its homogeneous analysis approach and the
inherent stability of the nucleic acid components. Additionally, we evaluated
the system's selectivity while maintaining a low detection limit. To test
specificity, we replaced the HPV18 RNA target with a single-base mismatch,
a double-base mismatch, HPV16 RNA, and a non-complementary sequence.
Fig. 5C shows that even at concentrations five times higher than HPV18
mRNA, the absorbance intensity for single-base mismatch (mm1), double-
base mismatch (mm2), scrambled sequence (scramble), or HPV16 mRNA
did not change significantly.

Real sample application



To validate the applicability of the MNAzyme-driven CHA detection system
for detecting HPV18 mRNA in real samples, different concentrations of
target RNA were added to total RNA extracted from HEK293 cells, which
represent a complex matrix of real samples. The proposed detection system
was used to analyze the absorbance of each group. As shown in Fig. 6, the
signal for different target nucleic acid sequence concentrations in the
presence of total RNA extract was comparable to that without the total RNA
extract. Despite the presence of 1 pg/mL total RNA extract, the analysis of
0.1 nM, 1 nM, and 10 nM target RNA showed recovery rates of 103%, 98%,
and 95%, respectively. To assess the robustness and practical reliability of
the biosensor, inter-batch reproducibility was evaluated. A fixed
concentration of HPV-18 mRNA (1 nM) was detected using three
independently prepared batches of the core probes (Partl/Part2, H1, H2,
H3) on different days. The average absorbance at 650 nm was 0.52 with a
standard deviation of 0.04, yielding an RSD of 7.7% (Table S2). This result
indicates acceptable reproducibility between different assay preparations. It
should be noted that the current ‘real sample’ validation utilized a cellular
total RNA background. While this demonstrates robustness against
nonspecific nucleic acid interference, clinical specimens such as cervical
swabs or biopsies contain a more complex mixture of biomolecules (e.q.,
proteins, mucins, potential PCR inhibitors). Furthermore, the clinical
relevance of the achieved pM-level sensitivity needs to be established

through testing against patient samples with known viral loads. Therefore,



future work will focus on validating the assay in such authentic clinical
matrices to fully assess its diagnostic potential.

Discussion

The study presents a novel protein-free colorimetric detection method for
HPV18 mRNA, utilizing a MNAzyme cleavage and CHA dual signal
amplification strategy. The results demonstrate the potential of this
approach for sensitive and specific nucleic acid detection, providing
significant advancements in the field of molecular diagnostics. The design of
the assay leverages the unique properties of MNAzymes and CHA, creating
a robust system capable of amplifying weak signals without the need for
enzymatic reactions. The feasibility tests indicated that HPV18 mRNA
effectively triggered the formation of an active MNAzyme, which
subsequently initiated the CHA process. The use of electrophoresis and
FRET-based assays confirmned the successful assembly and activity of the
MNAzyme, providing evidence for the precise molecular interactions and
the efficiency of the cleavage and amplification processes. The optimization
of key parameters, such as Mg?* concentration and the concentrations of
H1, H2, and H3, was critical in enhancing the assay's performance. The
established optimal conditions allowed for a significant increase in the A/A0
value, indicating improved sensitivity and robustness of the detection
system. The system demonstrated a lower detection limit of 6.92 pM for
HPV18 mRNA, showcasing its ability to detect even trace amounts of target

mRNA.



To contextualize the performance of our biosensor, we compare it with
other representative methods for HPV nucleic acid detection (Table S3).
While techniques like CRISPR-Cas and RT-gqPCR offer exceptional sensitivity,
they require specialized enzymes, precise temperature control, and complex
instrumentation. Electrochemical and fluorescence-based CHA assays
provide high sensitivity but often depend on modified electrodes or
fluorophore labels. In contrast, the present MNAzyme-driven CHA
colorimetric assay achieves pM-level sensitivity without any protein
enzymes or sophisticated equipment. Its primary advantages lie in
operational simplicity, visual readout capability, and being entirely protein-
free, making it a promising candidate for resource-limited settings or point-
of-care screening where ease of use and cost are paramount. This high
sensitivity is attributed to the synergistic effect of MNAzyme and CHA,
which amplifies the signal through repeated cycles. The specificity tests
revealed that the detection system effectively discriminates between the
target HPV18 mRNA and non-target sequences, including single and double
mismatches, as well as other HPV types. This specificity is crucial for
accurate diagnostics, minimizing false positives. The anti-interference
experiments further demonstrated the system's resilience in complex
biological matrices, maintaining performance despite the presence of
potential confounding factors. Additionally, the long-term stability of the
analytical reagents under appropriate storage conditions supports the

practical applicability of this method for routine use. The successful



detection of HPV18 mRNA in the presence of total RNA extracted from
HIK?293 cells underscores the method's applicability in real-world scenarios.
While the total assay time of approximately 2 hours is longer than some
ideal POC formats, it is notably shorter and far less labor-intensive than
gold-standard methods like quantitative reverse transcription PCR (qRT-
PCR). The simplicity, isothermal nature, and elimination of enzymatic steps
constitute the primary advantages of this platform in a laboratory or
resource-limited setting.

Despite the promising results, this study has several limitations that point to
future research directions. First, the detailed reaction kinetics (e.qg.,
turnover number of the MNAzyme, amplification folds of the CHA circuit)
were not quantified, transitioning the assay to a single, constant incubation
temperature would greatly enhance its simplicity and suitability for
resource-limited settings. Future work will explore the feasibility of
performing both the MNAzyme cleavage and CHA amplification steps at a
unified isothermal condition without compromising sensitivity or specificity.
Second, while high specificity was shown against synthetic mismatches and
another high-risk HPV genotype (HPV-16), validation using clinically
prevalent HPV-18 variants (e.g., E6/E7 splice variants) and in co-infection
scenarios is necessary for clinical translation. Additionally, a more
comprehensive specificity profile could be obtained by testing against a
broader panel of unrelated nucleic acids and evaluating the assay’s

performance under conditions that simulate sample degradation, such as in



the presence of RNases. Third, direct benchmarking of the detection
sensitivity and specificity against the clinical gold standard, qRT-PCR, using
a large set of patient samples, is the essential next step to establish clinical
utility. Addressing these points will be the focus of our ongoing work to
advance this biosensing platform toward practical diagnostic applications.
Furthermore, to enhance its suitability for true point-of-care testing, future
work will focus on reducing the total assay time. This could be achieved by
engineering probes with faster hybridization kinetics, employing elevated
but isothermal reaction temperatures, or integrating the assay into a
microfluidic or lateral flow device to accelerate mass transport and signal
development.

Conclusion

Overall, we have developed a protein-free dual-signal amplification strategy
based on MNAzyme and CHA for the pM-level sensitivity detection of
HPV18 mRNA, which offers several significant advantages. First, the
protein-free amplification approach overcomes the drawbacks associated
with protein enzyme use, such as high cost, short shelf life, and insufficient
stability. Second, the method is portable by design, easy to operate,
requires simple instrumentation, and allows for convenient visual readout.
Third, by merely adjusting the recognition segments, the sensing system
can be adapted to a broader range of other targets. We believe that this
developed biosensing strategy provides a simple and stable platform for

sensitive and convenient miRNA detection, holding great potential for the



detection of nucleic acid analytes in biomedical research and as a
foundational technology for future clinical diagnostic applications.
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Fig. 4 (A) Absorption spectra for detecting different concentrations of
HPV18 mRNA. (B) Standard curve of absorbance for HPV18 mRNA ranging

from 10 pM to 50 nM using the MNAzyme-driven CHA detection system.
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Fig. 5 (A) HPV18 mRNA in different amounts of added BSA (0, 0.5%, 5%
and 10%) was detected by MNAzyme-driven CHA cual-signal amplification
strategy. (B) The effect of the storage cycle of the main analytical reagents
of MNAzyme-driven CHA dual-signai amplification strategy on the detection
efficacy of the strategy. (C) The selectivity of the MNAzyme-driven CHA
detection system was evaluated in the presence of a perfectly matched
target (HPV18), a single-base mismatch (mm1l), a double-base mismatch
(mm?2), a scrambled RNA sequence (scramble), or an HPV-16 mRNA

sequence (HPV16).
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Fig. 6 Absorbance of different target nucleic acid sequence concentrations

(0.1, 1, and 10 nM) in the presence or absence of 1 ug/mL total RNA extract.



