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ABSTRACT: 

Oral cancer remains a significant clinical problem, and prognosis is heavily dependent on the stage at diagnosis and the 

capacity to track the evolution of the disease during and after treatment. Bioanalytical biomarkers can provide additional 

information to traditional examination and histopathology and provide contemporisation of molecular alterations 

occurring during the process of carcinogenesis, tumor behavior, treatment response, residual disease, and recurrence. This 

review synthesizes current evidence on genomic, epigenomic, transcriptomic, proteomic, metabolomic, inflammatory, 

immune, and circulating biomarkers relevant to oral cancer. This also explores the diagnostic uses of saliva, blood, tissue, 

cytological and emerging matrices and analytical platforms such as PCR-based assays, sequencing, immunoassays, mass 

spectrometry, biosensors, microfluidics and lab-on-a-chip systems. A special focus is given to the use of longitudinal 

applications, like therapeutic-response assessment, minimal residual disease detection, recurrence surveillance, and 

personalized monitoring. Other novel methods such as multi-omics integration, spatial profiling, extracellular-vesicle 

analysis, nanotechnology and artificial intelligence are also reviewed for their translation potential. Even with the 

advancement of technology, there are still challenges to its routine clinical use due to tumor heterogeneity, preanalytical 

variability, limited assay standardization, limited external validation, and regulatory challenges. Further advances will 

rely upon prospective multicenter studies, harmonized workflows and clinically interpretable multimarker models that 

will help in earlier diagnosis and more accurate therapeutic monitoring.  
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1. INTRODUCTION 

Oral cancer continues to be a significant oral health problem in the world, due to its high morbidity, mortality, functional 

impairment, and geographical inequalities in oral cancer burden. While significant progress has been made in prevention 

and oncological treatment, it is noteworthy that cancer's burden has not been reduced significantly in the last few decades 

and varies widely by region and population (Wu et al., 2025). With its large population and common exposures to known 

behavioral and environmental risk factors, exposure is especially high in Asia (Xie & Shang, 2022). Tobacco use, alcohol 

consumption, betel-quid and areca-nut use, and demographic and socioeconomic factors that affect disease occurrence 

and outcomes are all closely linked to the epidemiology of oral cancer (Sarode et al., 2020). Long-term analyses also show 

that temporal and regional trends of oral cancer are influenced by changing distributions of risk factors in populations and 

population structures, which further underscores the importance of developing more effective strategies to prevent, detect 

and manage oral cancer (Ren et al., 2020). 

The treatment of oral cancer continues to be difficult due to the impact of the stage at diagnosis on the complexity and 

prognosis of the disease. Routine assessment is primarily based on clinical examination and subsequently on the 

pathological confirmation of suspicious lesions, and the treatment is based on the stage of the tumour, together with its 

anatomical site and the patient-related factors (D'Cruz et al., 2018). Oral carcinogenesis is also molecularly heterogeneous 

and is mediated by a series of genetic changes that affect the proliferation, differentiation, apoptosis, genome stability and 

malignant transformation of cells (Ali et al., 2017). It makes sense to search for measurable biological indicators which 

can reflect the early events of malignant transformation and clinically relevant disease behavior, given this molecular 

complexity. While preventive measures such as modification of the risk factors, public awareness, screening and 

identification of potentially malignant lesions have been found to be essential, these measures alone cannot compensate 

for the shortcomings of late diagnosis and the variable nature of disease progression (D’souza & Addepalli, 2018). 

The study of bioanalytical biomarkers is an important opportunity to complement the traditional diagnostic route, allowing 

measurable molecular information to be gained relating to the initiation and progression of a tumour. It is important to 
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note that saliva is an ideal source for oral cancer diagnosis since it can be collected without any invasive procedure and 

contains different molecular components which may hold diagnostic value and is also considered as a useful medium for 

the early detection of oral cancer (Saxena et al., 2017). Therapeutic monitoring could also go beyond diagnosis with the 

potential of molecular changes to help define the response to treatment, residual disease, recurrence, and emerging 

resistance. With the evolution of oral cancer treatment from traditional surgery, chemotherapy and radiotherapy to novel 

and more personalized therapeutic strategies, this application is gaining more relevance (Nandini et al., 2020). 

One critical research need, however, remains from discovery to reliable clinical use of biomarkers. There is not enough 

consistency across studies or between different types of biological matrices, analytical platforms, sampling methods, 

biomarker thresholds, tumor heterogeneity, and validation strategies for cross-study comparability and translation. There 

is also limited evidence linking diagnostic biomarkers to the longitudinal monitoring of therapy, and very limited 

evaluation of new bioanalytical technologies integrated. 

The purpose of this review is to critically assess the molecular basis and the most relevant classes of bioanalytical 

biomarkers in relation to oral cancer, to evaluate the types of biological matrices and platforms available for their detection, 

as well as the use of these markers for early diagnosis, prognosis, assessment of therapeutic response and for disease 

surveillance, and to analyze new technologies, potential translation hurdles and future priorities for the development of 

clinically actionable biomarker strategies. 

 

2. Molecular Landscape and Biological Basis of Biomarkers in Oral Cancer 

Oral carcinogenesis is a multistep biological process that involves progressive molecular and phenotypic changes of the 

normal oral epithelium that may eventually lead to the development of an invasive oral squamous cell carcinoma (OSCC). 

The risks of malignant transformation of oral potentially malignant disorders are variable; leukoplakia, erythroplakia, oral 

submucous fibrosis and oral lichen planus are examples of these disorders. Ongoing exposure to carcinogens leads to 

genomic damage and oxidative stress, chronic inflammation, epithelial dysplasia, and impairment of the mechanisms 

regulating proliferation and apoptosis, which makes conditions favorable for clonal evolution (Kumari et al., 2022). The 

transition to invasive malignancy is characterized by a series of interrelated changes in oncogenic signaling, tumor 

suppressor mechanisms, cell cycle control, immunity and stromal interactions. The progressive molecular alterations 

represent the biological continuum from pre-malignancy to invasive disease and serve as a basis for identification of 

biomarkers associated with the stages (Tarle & Lukšić, 2024). Genomic instability is one of the hallmarks of oral cancer, 

and it creates molecules that can be used as markers for diagnosis and prognosis. Malignant transformation and tumor 

evolution are due to somatic mutations, chromosomal abnormalities, copy-number alterations, loss of heterozygosity and 

the disruption of pathways of DNA repair, apoptosis, proliferation and differentiation. These abnormalities can be 

characterized to give a molecular signature in terms of development of disease, biological aggressiveness, and maybe 

therapeutic susceptibility (Karunakaran & Muniyan, 2020). Epigenomic dysregulation further alters the behaviour of the 

tumour, but does not change the DNA sequence. DNA methylation changes, histone modifications and chromatin 

remodeling can lead to suppression of tumour suppressor genes or to the recruitment of oncogenic transcription programs. 

Their incidence as alterations during oral carcinogenesis and the possibility of their detection in clinical samples make 

them good candidates for use as biomarkers (Irimie et al., 2018). 

Oral tumor transcriptomic changes provide a dynamic view of molecular activity in these tumors. Transcriptome profiling 

can be used to identify differentially expressed genes and pathway-level signatures associated with malignant 

transformation, tumor progression, metastatic potential and treatment response, as well as molecular heterogeneity of 

OSCC (Natarajan & Umapathy, 2025). These are not the only regulatory genes; there are additional non-coding RNAs. 

Long non-coding RNA, circular RNA and microRNAs regulate the expression of genes at the transcriptional, post-

transcriptional and epigenetic levels, and can also modulate growth, cell death, invasion, metastasis and therapeutic 

resistance. They can also be measured in tissues and biological fluids, and their expression is altered, which has led to 

their development as disease diagnostic, prognostic and predictive biomarkers (Dey et al., 2023). Proteomic changes 

represent a functional view of cancer-associated molecular activity, as it is proteins that act directly in the mediation of 

signaling, enzymatic reactions, immune responses, the architecture of the cell, and intercellular communication. A 

proteomic analysis of OSCC has revealed the presence of proteins that are differentially expressed, which can be used for 

early detection, diagnosis, prognosis, and monitoring of therapy. However, a lot of the candidate biomarkers have not 

been adequately validated independently, and there is methodological heterogeneity in clinical translation (Pillai et al., 

2021). Metabolic reprogramming is also a crucial step in oral carcinogenesis. Changes in amino acid, carbohydrate, lipid 

and related metabolites are the result of altered energy requirements, biosynthetic activity, oxidative balance and nutrient 

utilization. These metabolic signatures might be indicative of tumour phenotype and serve as complementary markers of 

malignant biochemical activity (Vitorio et al., 2020). 

Oral cancer biomarker profiles are further enriched with biological information provided by the tumor microenvironment. 

Malignant epithelial cells are in constant contact with cancer-associated fibroblasts (CAFs), endothelial cells, immune 

cells, extracellular matrix elements, cytokines, chemokines and growth factors. These interactions allow for chronic 

inflammation, immune escape, angiogenesis, matrix remodeling, invasion and metastatic progression. Both tumour cells 

and the tumour microenvironment can thus provide biomarkers of tumour burden and biological aggressiveness, paving 

the way for a multidimensional approach including tumour-intrinsic, inflammatory, angiogenic and immune-associated 

signals (Radaic et al., 2024). Accessibility of these molecular signals and their reliable detection in clinical specimens are 

also important for their clinical usefulness. Nucleic acids, proteins, metabolites, inflammatory mediators, and other 

molecular components can be secreted, shed, leaked from tissues, released from cells, and transported outside the cell into 

biological fluids to contribute to the composition of oral tumors. Oral saliva is of special interest since it comes in direct 
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contact with oral lesions, can be easily collected, can be sampled repeatedly, and contains a wide variety of tumor 

associated molecules. However, oral inflammation, systemic diseases, collection methods and analytical variation may 

affect its biomarker composition, making it crucial to have standardized bioanalytical workflows (Kaur et al., 2018). 

The molecular basis of oral cancer is thus a multi-faceted one that involves the interwoven changes in the genome, 

epigenome, transcriptome, proteome, metabolism, immune system and microenvironment. These changes can be mapped 

onto measurable signatures within easily accessed biological matrices that can serve as a mechanistic basis for the 

development of biomarkers that can aid in early detection, characterization, and longitudinal monitoring of disease in 

therapy. The relationship between carcinogenic exposure, molecular changes, malignant transformation, biomarker 

release and clinical utility is depicted in Figure 1. 

 
Figure 1. Molecular landscape and biological basis of biomarkers in oral cancer 

 

3. Bioanalytical Biomarkers for Early Detection and Diagnosis 

Early detection of oral cancer is dependent on the ability to detect the molecular changes that occur before significant 

morphological and clinical changes. Genomic markers are of special interest because they not only include those that are 

inherited, but also those that are acquired, such as mutations in oncogenes, tumor suppressor genes, DNA repair genes, 

and regulatory pathways that participate in oral carcinogenesis. Genetic association studies have identified variations 

associated with oral cancer susceptibility, but there are issues of population heterogeneity and variation in environmental 

exposures that make it difficult to develop a genetic signature for oral cancer that is applicable across the whole population 

(Sharma et al., 2017). In addition, molecular characterization of oral leukoplakia further illustrates that pockets of 

potentially malignant lesions may contain genomic and mutational abnormalities that correlate with the risk of 

progression, which makes cancers more likely to develop from leukoplakia than not, and provides the possibility to 

distinguish potentially high-risk lesions from not so high-risk lesions for progression (Farah, 2021). Epigenetic biomarkers 

are important as complementary markers since DNA methylation, histone modification, chromatin remodeling and 
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associated regulatory mechanisms may be aberrant during malignant transformation. Epigenetic changes impact both the 

tumor cells and the microenvironment, including the activity of tumor suppressor genes, oncogenic signaling, immune 

regulation and cell plasticity. Epigenetic signatures are promising targets for early detection and molecular stratification 

of oral squamous cell carcinoma (OSCC) because they are potentially reversible and can be easily measured at the 

molecular level (Mesgari et al., 2023). 

Transcriptomic biomarkers bring to diagnostic assessment the dynamic changes in expression of RNA. Multiple processes 

contributing to oral carcinogenesis, such as proliferation, apoptosis, epithelial–mesenchymal transition, invasion, 

metastasis and treatment resistance, are regulated by non-coding RNAs, which could be used as part of molecular 

diagnostic panels (Umapathy et al., 2024). MicroRNAs are particularly promising given that expression patterns can be 

identified in specimens from patients with disease and that these patterns could help to distinguish malignant and non-

malignant states (Osan et al., 2021). Circular RNAs create an additional layer of regulation by binding with microRNAs 

and downstream networks of genes. Thus, dysregulation of the circRNA–miRNA axis in OSCC has become a new source 

of molecular signatures in the form of RNA in the early diagnosis of OSCC (Saikishore et al., 2020). Protein biomarkers 

can offer a direct measurement of changes to cellular function and are especially appropriate to be analyzed in minimally 

invasive saliva samples. Salivary protein signatures, which have been identified by proteomic profiling, show that the 

changes in the proteome of tumors can be translated into early detection assays that can distinguish OSCC from non-

cancer controls, highlighting the potential for diagnostic applications in early detection (Shan et al., 2019). Finally, more 

comprehensive proteomic approaches that involve discovery-based screening followed by targeted validation can reveal 

protein signatures linked to clinically important tumor phenotypes, highlighting proteins that can be measured in multiple 

combinations rather than singly (Carnielli et al., 2018). 

The metabolomic and lipidomic markers reflect late-stage biochemistry of the transformed cells. Metabolic 

reprogramming associated with tumors changes lipid biosynthesis, membrane turnover, energy metabolism and signaling 

mechanisms, which results in measurable changes in circulating molecular profiles. Lipidomics has been found to be a 

promising diagnostic tool for OSCC, as lipid species and composite patterns have been identified that differentiate patients 

from controls, and can be used to complement the genomic and proteomic assessment (Wang et al., 2017). Biomarkers of 

inflammation and of oxidative injury are markers of the biological environment associated with oral carcinogenesis. 

Cytokines and other inflammatory mediators are potentially informative markers of OSCC development and progression, 

as they can lead to persistent inflammation, cytokine signaling, tissue remodeling, angiogenesis, and tumor supporting 

immune responses (Tampa et al., 2018). Oxidative imbalance can simultaneously produce an increase in the levels of 

ROS, lipid peroxidation, damage to proteins and alterations in DNA, which all play their part in the oral pathological 

processes. As such, oxidative-stress markers can perhaps be used together with tumor-specific markers, but with caution 

in the context of multimarker approaches due to their low specificity (Kumar et al., 2017). 

Liquid biopsy also extends early diagnostic opportunities as it allows the analysis of material circulating in the blood that 

is derived from the tumour. The molecular information can come from the circulating tumor DNA, circulating tumor cells, 

extracellular vesicles, cell-free RNA, proteins, and other types of circulating components without the need for repeated 

invasive tissue sampling. Their potential applications range from early detection to molecular characterization, risk 

assessment, and longitudinal evaluation; however, low abundance of the analytes and variability in the methods pose 

challenges in analysis (Prakash & Pradeep, 2022). It seems unlikely that a single biomarker will be diagnostic of the wide 

spectrum of oral cancer's biological heterogeneity with much diagnostic power. Combining genomic, epigenetic, 

transcriptomic, proteomic, metabolic and circulating biomarkers provides a more detailed picture of the biology of the 

malignancy and could enhance the sensitivity and specificity of diagnosis. Many emerging molecular diagnostic strategies 

focus on multimodal assessment and individualized characterization that provide a basis for the integration of biomarker 

panels with contemporary oral cancer diagnostic and treatment pathways (Hsu et al., 2025). 

The most promising approach to achieving clinically relevant early detection is to move away from single biomarker 

detection to analytically validated molecular signatures that represent complementary aspects of oral carcinogenesis. In 

the future, multi-analyte and multi-omics technologies might be needed to start making better diagnoses and risk stratify 

high-risk lesions before they become a clinical malignancy. Oral cancer biomarkers are being explored in various classes, 

and each class has key analytical properties, as summarized in Table 1. 

 

Table 1. Major bioanalytical biomarker classes for early detection and diagnosis of oral cancer 

Biomarker class Representative signal Common 

matrix 

Primary utility Main limitation 

Genomic Mutations, genetic 

variants 

Tissue, saliva, 

plasma 

Risk and early 

detection 

Population 

variability 

Epigenomic DNA methylation 

patterns 

Tissue, saliva, 

blood 

Early molecular 

change 

Assay 

standardization 

Transcriptomic mRNA, miRNA, 

lncRNA, circRNA 

Tissue, saliva, 

plasma 

Molecular 

classification 

Expression 

variability 

Proteomic Differential protein 

signatures 

Saliva, tissue, 

plasma 

Early diagnosis Validation 

inconsistency 

Metabolomic/lipidomic Metabolites, lipid 

profiles 

Plasma, saliva Metabolic 

discrimination 

Limited specificity 

Inflammatory/oxidative Cytokines, oxidative 

markers 

Saliva, serum Complementary 

detection 

Confounding 

inflammation 
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Liquid biopsy ctDNA, CTCs, 

extracellular vesicles 

Plasma, saliva Minimally invasive 

detection 

Low analyte 

abundance 

Multi-omics panels Integrated molecular 

signatures 

Multiple 

matrices 

Improved 

classification 

Analytical 

complexity 

 

4. Biological Matrices and Bioanalytical Platforms for Oral Cancer Biomarker Assessment 

Detection of an oral cancer biomarker is also dependent on the matrix in which the biomarker is measured, as well as on 

the analytical platform used for detection, in addition to its biological relevance. Saliva is especially beneficial due to its 

non-invasive characteristics, easy accessibility, low cost to collect, and ability to be sampled repeatedly. It can be used to 

detect locally released proteins, nucleic acids, metabolites, cytokines and other tumor-associated molecules, due to direct 

contact with the oral lesions. Saliva thus has many features that make it an ideal specimen for screening and point-of-care 

(PoC) applications, but the flow rate, collection method, circadian rhythm, oral hygiene and inflammatory conditions may 

all affect the analytical reproducibility of saliva. (Goldoni et al., 2021) Blood matrices are an alternative systemic 

representation of tumour biology. Cytokines, circulating nucleic acids, proteins, EVs and other tumor-associated factors 

in plasma/serum may be related to local disease and systemic host response. The performance of the biomarkers in OSCC 

varies significantly between matrices, suggesting that the diagnostic information or performance of each will depend on 

the matrix, which is why it is important to validate them in each matrix before using them for clinical diagnosis (Lee et 

al., 2018). The tissue biopsy is the definitive histopathological specimen and also highly localised material for molecular 

profiling but is not suitable for population screening or for the repeated sampling of longitudinal studies. A less invasive 

alternative to taking epithelial samples of suspicious oral lesions is cytological specimens. Oral brush cytology can be 

used to aid early diagnosis of oral cancer and oral potentially malignant disorders, and to obtain oral cells that can be used 

for morphological or molecular analysis. However, due to the differences in the level of sampling and the diagnostic 

interpretation, integration with suitable confirmatory methods is required (Alsarraf et al., 2018). 

Other matrices could be used to further the non-invasive assessment of oral cancer. The gas-rich portion of the breath 

(exhaled breath) consists of VOCs, formed endogenously during metabolic and oxidation processes, and metabolic 

changes in cancer can lead to a characteristic VOC profile. Breath cancer detection is becoming more feasible due to the 

development of sensitive chemical sensors and detection using nanotechnology, but standardization of breath collection 

conditions, environmental factors, identification of analytes, and disease-specific validation are still needed before the 

technique can be widely used in clinical practice (Jia et al., 2025). Bioanalytical platforms assess the efficacy of the 

conversion of the molecular signals to clinically interpretable measurements in these matrices. The use of molecular 

techniques like PCR, quantitative PCR, digital PCR and next-generation sequencing allows for sensitive interrogation of 

mutations, methylation patterns, transcripts and circulating nucleic acids. Immunoassays and mass-spectrometry-based 

workflows can be used for protein analysis, whereas targeted and untargeted proteomics can complement each other to 

support the discovery of new biomarkers and to verify them quantitatively. The integrated salivary proteomic approaches 

have proved to have potential for moving beyond the discovery of large numbers of proteins to the measurement of 

proteins that are relevant to oral cancer detection (Chu et al., 2019). 

The potential for using biosensors to convert molecular biomarkers to fast, and potentially decentralized diagnostic tests 

is an attractive pathway. Sensors with electrochemical, optical and nanomaterial-based sensing capabilities can detect 

biomolecular recognition events and generate signals in a relatively small volume of sample. Surface area expansion, 

molecular capture, signal amplification, and detection sensitivity can be improved with nanodiagnostic methods that can 

aid in the analysis of the low-abundance oral cancer biomarkers. Unlike the proof-of-concept sensitivity, they also need 

to be assessed for their selectivity, reproducibility, analytical stability, fabrication consistency, and performance in a 

heterogeneous patient population (Chakraborty et al., 2023). Sample handling, analyte processing, detection, and data 

acquisition are other sub-processes integrated as miniaturized systems, such as microfluidic and lab-on-a-chip 

technologies. In such platforms, reagent consumption and analysis time can be minimized, small volume specimens can 

be manipulated, and potential multiplex measurement of biomarkers can be achieved. One example of how on-chip sample 

processing can be tailored for oral cancer diagnostic applications is presented by the SMILE microfluidic platform, which 

shows the potential to integrate microfluidics with powerful and sensitive detection technologies for creating compact 

workflows at the point of care (Zoupanou et al., 2021). 

It is therefore crucial to deliberately match the biological matrix to the analytical platform appropriate for the detection of 

the biomarker in a cancer diagnosis. Sampling, molecular analysis, biosensing, and microfluidics technologies are all 

being combined in a way that provides a plausible pathway to the discovery of a biomarker in the lab to a reproducible, 

quick, and clinical oral cancer test. The biological matrices and platforms suitable for oral cancer biomarker assessment 

are summarized in Table 2. 

 

Table 2. Biological matrices and bioanalytical platforms used in oral cancer biomarker assessment 

Matrix Major analytes Suitable platforms Key advantage Key limitation 

Saliva RNA, proteins, 

cytokines, metabolites 

PCR, immunoassays, 

biosensors 

Non-invasive 

sampling 

Pre-analytical 

variability 

Plasma/serum ctDNA, cytokines, 

proteins, EVs 

dPCR, NGS, ELISA Systemic 

assessment 

Low tumor-derived 

signal 

Tissue DNA, RNA, proteins NGS, PCR, proteomics High tumor 

specificity 

Invasive collection 

Brush cytology Cellular DNA/RNA Cytology, PCR Minimally Sampling variability 
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invasive 

Exhaled breath Volatile organic 

compounds 

Chemical/nanosensors Fully non-

invasive 

Environmental 

confounding 

Multiple 

matrices 

Multiplex biomarkers Microfluidics, lab-on-chip Integrated 

analysis 

Platform complexity 

 

5. Biomarkers for Prognosis, Therapeutic Response, and Disease Monitoring 

In the field of oral squamous cell carcinoma (OSCC), the use of prognosis biomarkers is becoming more and more 

common to improve the risk assessment of OSCCs beyond the usual clinicopathological factors including tumour size, 

node involvement, histological grade and stage. A number of molecular markers relating to proliferation, invasion, EMT, 

angiogenesis, apoptosis, stemness and metastatic potential could be used to obtain additional data regarding tumor 

aggressiveness and survival. Their main significance is in the determination of those patients with apparently similar 

clinical staging who might need more intense observation or a treatment strategy for their biologically high-risk disease 

(Sasahira & Kirita, 2018). In addition, circulating and histological biomarkers can be used to aid prognosis, which involves 

individualizing the prognosis based on tumor morphology and measurable systemic signals. Complementary to the 

pathological assessment, serological proteins, inflammatory mediators, tissue markers and molecular signatures can add 

to the stratification of the risk of recurrence, metastatic potential and therapeutic sensitivity. The incorporation of these 

markers into individualized treatment strategies could lead to better decisions for the intensity of treatment and post-

treatment surveillance regimens, but reproducibility and prospective validation are still necessary for clinical use (Pekarek 

et al., 2023). 

The highly relevant predictive biomarkers are those that are relevant in the expanding treatment paradigms involving 

targeted and immune-based therapies. The PD-1/PD-L1 axis has emerged as a therapeutic target in OSCC, and biomarkers 

of immune checkpoint expression, tumor immune status and molecular signaling could prove useful in selecting patients 

for whom immunotherapy is likely to be more effective. However, PD-L1 expression is not sufficient to define treatment 

responsiveness, and using composite models of biomarkers, which integrate tumor genetics, immune contexture, and other 

molecular features of resistance or sensitivity, is essential to understanding treatment responsiveness (Cheng et al., 2024). 

Another avenue of potential pharmacodynamic assessment and real-time therapeutic monitoring is provided by minimally 

invasive biomarkers. Salivary or blood analysis can be repeated during treatment, providing a way to monitor changes in 

the nucleic acids, proteins, EVs, metabolites, and immunes associated with the tumor. These longitudinal samples can 

also provide dynamic information about tumor response that could be earlier than radiological and/or clinical signs of 

progression. Thus, the shift from single-marker testing towards a personalized molecular profile could benefit adaptations 

and surveillance of OSCC (Suri et al., 2024). 

The use of circulating tumor DNA (ctDNA) is a very promising application for the detection of minimal residual disease. 

Plasma DNA from the residual tumor after definitive treatment could be considered as evidence of microscopic disease 

even in the absence of conventional imaging evidence of tumor. In the context of a tumor-agnostic approach, ctDNA has 

been found to be able to detect molecular residual disease and adverse outcomes in locally advanced squamous cell 

carcinoma of the head and neck, and could prove useful for early risk stratification post-therapy using plasma-based assays 

(Honoré et al., 2023). Longitudinal molecular surveillance can also help to identify the occurrence of recurrence and 

treatment resistance. Repeated molecular analyses of saliva and plasma allow for monitoring of tumor-associated somatic 

mutations over time and could provide insights into tumor recurrence prior to clinical recurrence. Besides being a 

convenient source from which to obtain information from the tumor, saliva may be more valuable in providing information 

on local disease, while plasma may be more useful in providing information on systemic disease burden. Longitudinal 

monitoring of both matrices can be in combination, which may enhance post-treatment surveillance by identifying patterns 

of residual/recurrent disease at different spatial locations (Cui et al., 2021). 

Many of the most clinically useful biomarkers for prognosis and therapeutic monitoring are likely to be ones that will give 

more dynamic, longitudinal information than static markers. Tissue-based prognostic markers, when combined with 

circulating and salivary markers, may facilitate risk-tailored treatment, early detection of residual disease, early detection 

of recurrence and more individualised treatment decision-making. The main uses of biomarkers in prognosis, therapeutic 

response assessment, minimal residual disease and post-treatment surveillance are summarized in Table 3. 

 

Table 3. Biomarker applications in prognosis, therapeutic response, and disease monitoring 

Clinical 

application 

Biomarker approach Matrix Clinical value Current challenge 

Prognosis Molecular and histological 

markers 

Tissue, serum Risk stratification Variable validation 

Treatment 

prediction 

PD-1/PD-L1 and immune 

markers 

Tissue, blood Therapy selection Incomplete predictive 

power 

Response 

monitoring 

Dynamic molecular 

profiles 

Saliva, blood Early response 

assessment 

Threshold definition 

Minimal residual 

disease 

ctDNA Plasma Detect occult disease Low post-treatment 

levels 

Recurrence 

surveillance 

Somatic mutations Saliva, 

plasma 

Earlier relapse 

detection 

Longitudinal 

standardization 

Personalized Multimarker profiles Multiple Individualized Clinical integration 
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monitoring matrices follow-up 

 

6. Emerging Technologies and Integrated Approaches in Oral Cancer Biomarker Research 

Oral cancer biomarker research is changing from the traditional single biomarker detection paradigm to molecularly 

heterogeneous systems and clinically actionable assessment. Modern methods integrate powerful molecular 

characterization with highly sensitive detection platforms, computational analysis and utilize minimally invasive sampling 

techniques. New screening and diagnostic technologies are increasingly being developed that utilize optical approaches, 

molecular assays, biosensing and point-of-care strategies to enhance detection of a malignant change at an early stage. 

Their value is based on the possibility of obtaining a good level of diagnostic accuracy and having good reproducibility, 

accessibility, and practicality for clinical workflows and screening at the population level (Bisht et al., 2021). However, 

multi-omics integration can be used to understand oral squamous cell carcinoma (OSCC) at the omics level and by 

integrating all the omics information, instead of analyzing each omics level individually, one can get a systems-level 

understanding of OSCC. This integration can uncover interactions leading to cellular networks that would not be apparent 

in a single-omics approach. Multi-omics investigation has shown that there are connections between intercellular 

communication, oxidative-stress regulation and the progression of OSCC, highlighting the power of combined molecular 

datasets to find mechanistically linked biomarker combinations. These strategies could allow for the development of 

panels of biomarkers that encompass both alterations intrinsic to the tumor and tumor dynamic interactions. (Zhang et al., 

2024) 

The ability of single-cell and spatially resolved technologies remains to capture information that is lost when performing 

bulk molecular profiling, addressing the intratumoral heterogeneity. Spatial transcriptomics can directly characterize gene-

expression programs in the context of tissue architecture, facilitating the characterization of malignant cells, stromal 

populations, immune compartments and their localized interactions. Spatial analysis of OSCC has identified relationships 

between metabolic profiles and immunosuppressive microenvironment and transformation of inflammatory cancer-

associated fibroblasts, revealing how spatially defined molecular states can provide biomarkers of tumour behaviour and 

immune dysfunction (Liu et al., 2024a). In addition to circulating tumour DNA and circulating tumour cells, advanced 

liquid biopsy is also evolving to encompass extracellular vesicles (EVs). The proteins, lipids, DNA, messenger RNA, 

microRNAs and other cargoes carried by EVs reflect the physiological state of their cells of origin. They are present in 

easily accessible biofluids, and are relatively stable, making them ideal candidates for minimally invasive oral cancer 

detection and longitudinal monitoring. Repeated characterization of tumor-associated molecular changes may be possible 

with EV-based liquid biopsy; however, standardised isolation, characterization, quantification, and analytical validation 

of EVs is required to allow for reliable clinical implementation (Minami et al., 2023). 

Another approach to improving the detection of biomarkers is the use of engineered materials that have high surface-to-

volume ratios, tunable physicochemical properties and signal amplification. Nanoparticles and nanostructured sensing 

interfaces will be used to enhance the ability to capture molecules and detect low abundance cancer associated molecules. 

AI could further enhance diagnostics, with the potential for automated interpretation of intricate molecular or imaging 

patterns. Oral and maxillofacial oncology is witness to nanotechnology-based applications integrating with AI, with the 

translational potential of these applications remaining to be determined, contingent on biosafety, fabrication 

reproducibility, external clinical validation, and superior performance compared to existing parts of the diagnostic pipeline 

(Sadeghzade et al., 2025). Machine learning and deep learning are a set of computational methods that can help to find 

clinically relevant patterns in highly dimensional oral cancer data sets. Molecular profiling could be combined with other 

molecular data from histopathology, imaging, clinical variables, and potentially multimodal biomarkers in algorithms to 

aid classification, risk prediction, and diagnostic decision-making. However, existing models have significant promise for 

automated oral cancer diagnosis, but there are challenges such as small or imbalanced datasets, inconsistent preprocessing, 

overfitting, limited external validation, and lack of interpretability that limit generalizability. More diverse multicenter 

datasets, reporting, robust validation and explainable models for clinical decision support and not just algorithmic 

performance, are needed for future development (Dixit et al., 2023). 

Oral cancer biomarkers of the future will not be a single technology, but rather will be a result of convergence. Combining 

multi-omics, spatial profiling, liquid biopsy, nanobiosensing, and interpretable AI could revolutionize the ability to 

convert complex molecular signals into individualized signatures for early detection and therapeutic monitoring, but only 

if technology is sufficiently sophisticated and validated in the clinic and is practically deployable. The integration of new 

technologies into a single oral cancer biomarker platform along with their possible clinical applications is depicted in 

Figure 2. 
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Figure 2. Emerging technologies and integrated approaches in oral cancer biomarker research 

 

7. Clinical Translation, Current Challenges, and Future Perspectives 

For clinical translation of oral cancer biomarkers, analytical, clinical, and analytical accuracy, reproducibility and utility 

beyond conventional examination and histopathology are needed. Presently, the available evidence is limited by the 

different study designs, the use of inconsistent diagnostic criteria and the lack of external validation, and there is a 

deficiency in translating biomarker discovery to clinical use (González-Moles et al., 2022). Another factor of major 

concern is pre-analytical variation, especially in the case of salivary markers. The stability and measured concentrations 

of biomarkers can be affected by the collection conditions, processing delay, storage, freeze–thaw cycles, and extraction 

procedures. Sample-associated factors, such as collection, processing, storage and quality controls, are important and 

should all be standardized when collecting and processing salivary miRNAs (Romani et al., 2024). Additionally, the 

molecular profile of a tumor is variable depending on the subsite, stage, microenvironment and treatment history, adding 

to the challenge of biomarker interpretation. Biological or prognostic relationships are not always therapeutically relevant, 

as indicated by the example of the fibroblast activation protein (Liu et al., 2024b), which has a prognostic value but is not 

a therapeutic target. Beyond the challenges with isolation, characterization, quantification, reproducibility, scalability, and 

regulatory standardization, emerging extracellular-vesicle biomarkers are further complicated by these challenges (Cheng 

& Kalluri, 2023). To make sure the clinical data is representative, population heterogeneity should be taken into account. 

Oral and oropharyngeal cancer epidemiology and performance of biomarkers may vary between population, due to 

changing patterns of tobacco and alcohol exposure, HPV-associated disease, demographics and tumor distribution 

(Chaturvedi et al., 2022). In addition, there are clear regulatory and diagnostic pathways to be included in the clinical 

adoption as delayed, missed diagnosis of OSCC has severe clinical and medico-legal implications. Therefore, biomarker 

assays should be used in addition to standard diagnostics until they have been proven more reliably for use in the clinic 

(Albano et al., 2024). 

Prospective multicenter validation, harmonization of biobanking, analytical protocols, and longitudinal sampling should 

be the focus of future studies. Combined models, which combine genomic, transcriptomic, proteomic, metabolic, immune, 

and liquid-biopsy signals in a multimarker approach may be more clinically robust than individual biomarkers. Fast and 

minimally invasive assessment could further be made possible by integrating with explainable artificial intelligence, 

biosensors and microfluidic platforms. This is to be achieved with an optimal approach towards a clinically useful 

bioanalytical framework linking early detection to therapeutic response assessment, minimal residual disease detection 

and recurrence surveillance in the long term. The key to success will be transforming promising molecular signatures into 

affordable, reproducible, scalable and clinically interpretable tests. The main priority of translation is thus not the ongoing 

development of candidate biomarkers, but their robust validation as integrated signatures that can effectively and 

meaningfully contribute to the diagnostic and therapeutic process in oral cancer. The summary of the major challenges, 

clinical translation pathway and future considerations for oral cancer biomarkers is shown in Figure 3. 

 
Figure 3. Clinical translation, current challenges, and future perspectives of oral cancer biomarkers 

 

8. CONCLUSION 

Adding to the traditional clinical and histopathological assessment, bioanalytical biomarkers are changing the oral cancer 

detection and therapeutic monitoring arena by providing a molecular evaluation. Biomarkers (genomic, epigenomic, 

transcriptomic, proteomic, metabolomic, immune and circulating) offer complementary information about the 
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development and biological behavior of the tumor, as well as its response to treatment and tumor recurrence. Saliva and 

blood provide exclusive benefits in the field of minimally invasive and longitudinal evaluation, and integrated biomarker 

analysis has gained more traction thanks to developments in liquid biopsy, biosensors, microfluidics, multi-omics, spatial 

profiling, and artificial intelligence. Although there is progress, clinical use is hampered by tumor variability, pre-

analytical variation, the use of inconsistent methods, poor external validation, and the absence of standardized thresholds. 

Going forward, further advances should be directed towards validated multimarker signatures, not individual candidate 

biomarkers. Future multi-center studies, consistent analytical procedures, prospective sampling, and clinically related 

computational processes will be crucial for bringing biomarker discoveries to reliable practice. Finally, there are 

possibilities of integrated bioanalytical strategies for earlier diagnosis, personalized therapy choice, real-time therapeutic 

monitoring and better monitoring of oral cancer. 
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