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Sciences,

Abstract: Cervical cancer remains a significant global threat to women’s health, responsible for approximately 600 000 new
cases and 310 000 deaths worldwide in 2020. This highlights the urgent clinical need for more precise diagnosis and treatment.
The current “three-step” screening strategy incorporates testing for high-risk human papillomavirus (HPV), one of the primary
causative agents for cervical cancer. However, this approach is hampered by a high false-positive rate, as HPV infection is not
sufficient and necessary conditions for the onset and progression of cervical cancer; only a small proportion of infected women
can develop cervical intraepithelial neoplasia (CIN) or cancer, which often leads to overdiagnosis and overtreatment.
Consequently, there is a pressing need, emphasized by recent WHO guidelines, to develop effective and functionally well-
defined molecular biomarkers to improve the precision of clinical triage and diagnosis. This review addresses two critical
bottlenecks impeding the discovery and translation of such biomarkers. The first is the lower effectiveness of existing
technologies to overcome the challenge of tumor heterogeneity, where the molecular signals of critical malignant cell
subpopulations are often obscured in bulk tissue analyses. The second bottleneck is the limitation of current detection methods
used for validation, which often lack of the sensitivity, quantitative reliability, and throughput required for robust clinical
verification. To overcome these obstacles, we propose a research framework that integrates single-cell omics with advanced
biosensing technologies. This framework first leverages single-cell transcriptomics to decipher tumor heterogeneity at an
unparalleled resolution, enabling the discovery of higher-quality biomarker candidates by identifying gene expression signatures
unique to the specific subgroup of cells driving malignant progression. Subsequently, these candidates are validated using
biosensing systems engineered through synthetic biology principles, such as high-sensitivity in situ hybridization for quantitative
tissue analysis and novel CRISPR-Cas-mediated nucleic acid detection technologies. These advanced platforms may offer
programmable, ultra-sensitive, and highly specific detection of biomarkers in clinical samples. By synergizing high-resolution
discovery with high-fidelity validation, this framework may not only facilitate a more complete characterization of novel
biomarkers, but also provides a direct pathway for translating these biosensing platforms into scalable clinical diagnostic kits.

These technologies may serve as key drivers to enhance the early detection and precise management of cervical cancer.
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Table 1 Current classification of molecular markers for cervical cancer
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Table 2 Potential molecular markers implicated in cervical cancer and precancerous lesions.
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‘ A novel in situ RNA analysis platform
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Fig. 1 A novel probe set for the fluorescence in situ hybridization (FISH) technology
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Fig. 2 A nano-robotic biosensor featuring a CRISPR/Cas12a system assembled on gold nanoparticles
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