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ABSTRACT
Graphene-based electrochemical biosensors are emerging as powerful diagnostic platforms 
for early, non-invasive detection of oral cancer. This review critically evaluates recent advances 
in graphene-enabled salivary biosensing, emphasizing the role of graphene’s unique 
physicochemical properties-such as large surface area, conductivity, and biocompatibility-in 
improving sensitivity and specificity. A comprehensive literature search was conducted using 
PubMed, Scopus, and ScienceDirect databases to identify peer-reviewed studies from 2010-2025 
on graphene-based electrochemical biosensors for salivary biomarker detection. The findings 
indicate that graphene-integrated systems significantly enhance electrochemical detection 
techniques including voltammetry, impedance spectroscopy, and field-effect transistors. Major 
challenges remain in clinical translation, including reproducibility, scalability, and regulatory 
approval. Future perspectives involve integrating these biosensors with artificial intelligence, 
microfluidics, and telemedicine platforms to enable affordable, portable, and real-time oral 
cancer diagnostics. Overall, graphene-based biosensors represent a transformative step toward 
personalized, point-of-care cancer management.

Keywords: Electrochemical biosensors, Graphene nanomaterials, Non-invasive diagnostics, Oral 
cancer biomarkers, Salivary biosensing.

INTRODUCTION

Early detection is crucial for improving survival and treatment 
outcomes in cancer, highlighting the need for rapid, sensitive, 
and non-invasive diagnostic tools. Biosensors have emerged 
as promising platforms due to their ability to detect cancer 

biomarkers with high specificity, providing real-time insights into 
disease presence, progression, and prognosis. Oral Squamous 
Cell Carcinoma (OSCC) remains a major global health issue, 
with over 350,000 new cases annually, especially in regions with 
prevalent tobacco, alcohol, and betel quid use. Conventional 
diagnostics, such as biopsies and imaging, are invasive, costly, and 
infrastructure-dependent, limiting early detection (Fadaka et al., 
2019). Saliva has emerged as an attractive biofluid for diagnostics 
due to its non-invasive collection, affordability, and rich molecular 
content, including DNA, RNA, proteins, and metabolites. 
Graphene-based electrochemical biosensors have gained 
attention for salivary diagnostics, offering exceptional sensitivity 
and selectivity owing to graphene’s two-dimensional structure, 
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high conductivity, large surface area, and mechanical strength 
(Cheng et al., 2017). Electrochemical methods like amperometry, 
voltammetry, and impedance spectroscopy further enhance 
detection accuracy and speed. Despite laboratory successes, 
clinical translation faces challenges including biocompatibility, 
reproducibility, stability, and scalability. This review provides a 
critical synthesis of graphene-based salivary biosensors for oral 
cancer, examining design innovations, analytical performance, 
translational barriers, and future directions to bridge the 
gap between experimental research and clinical application 
(Akashanand et al., 2024). A systematic literature search was 
conducted using PubMed, Scopus, and ScienceDirect databases, 
and the study selection process is illustrated in Figure 1.

Key Advantages of Saliva as a Diagnostic Fluid

Saliva has become a powerful medium for non-invasive 
diagnostics due to its accessibility, ease of collection, and reduced 
discomfort, cost, and infection risk compared to blood sampling. 
It is ideal for large-scale screenings and repeated sampling in 
longitudinal studies. Biochemically, saliva contains proteins, 
DNA, RNA, metabolites, and exosomes that reflect both local and 
systemic physiological states, with fewer interfering substances 
like clotting factors, facilitating sample handling (Yoshizawa 
et al., 2013). Its proximity to oral tissues allows early detection 
of neoplastic changes, making it highly relevant for oral cancer 
screening. Combined with multiplex biomarker detection and 
compatibility with point-of-care devices, saliva offers a highly 
effective matrix for future personalized healthcare applications 
(Bhattacharjya et al., 2025).

Graphene: A Multifunctional Platform for Advanced 
Biosensing

Graphene, a single layer of carbon atoms in a two-dimensional 
honeycomb lattice, has transformed nanomaterials due to its 
exceptional electrical, mechanical, and thermal properties 
(Mahalakshmi et al., 2025a). With a thickness of ~0.35 nm and 
interatomic bond length of 1.42 Å, its unique band structure 
enables efficient electron transport, high charge carrier mobility, 
and minimal energy loss, ideal for electronic and biosensing 
applications. Its biocompatibility, especially in forms like 
reduced Graphene Oxide (rGO), ensures minimal cytotoxicity, 
supports cell growth, and reduces inflammation, making it safe 
for oral cavity applications (Kaur et al., 2018). Slow physiological 
degradation further contributes to long-term stability. Graphene 
is produced via top-down methods (mechanical exfoliation, 
chemical reduction) and bottom-up methods (chemical vapor 
deposition, epitaxial growth), with CVD offering high-quality, 
scalable fabrication. Solution-based techniques like layer-by-layer 
deposition and Langmuir-Blodgett assembly allow fine-tuning 
for specific biosensor architectures (Nandhini and Karthikeyan, 
2024). In biosensors, graphene’s high surface area and 
superior electron transfer enable detection of ultra-low analyte 

concentrations. Functionalization with antibodies, aptamers, or 
enzymes enhances specificity and reduces interference, generating 
measurable electrical signals for rapid biomarker quantification 
(Goldoni et al., 2021). Graphene’s mechanical flexibility supports 
wearable and portable diagnostics, particularly in biofluids like 
saliva. Compared to silicon, zinc, or gold, it offers greater chemical 
stability, reusability, and adaptability in complex biological 
environments. Scalable production and affordability position 
graphene as a foundation for next-generation salivary biosensors 
for early disease detection and point-of-care applications 
(Neumaier et al., 2019).

Graphene Synthesis and Surface Modifications

The performance of graphene-based biosensors is closely linked 
to the synthesis method and subsequent surface modifications. 
Two common approaches for graphene synthesis include the 
Hummers’ method for chemical oxidation of graphite to produce 
Graphene Oxide (GO) and Chemical Vapor Deposition (CVD) 
to create high-quality graphene films suitable for large-area 
sensor fabrication. Surface modification plays a crucial role 
in enhancing biorecognition and signal stability (Ullah et al., 
2020). Functional groups such as carboxyl, hydroxyl, and epoxy 
moieties can be introduced during or after synthesis, allowing for 
covalent or non-covalent immobilization of biological probes like 
antibodies, aptamers, or enzymes. Such modifications not only 
improve selectivity and sensitivity but also reduce nonspecific 
interactions. Innovations in graphene hybrid nanocomposites 
such as integrating metal nanoparticles, metal oxides, or 
conductive polymers further amplify signal output and offer 
tailored biocompatibility, making them well-suited for complex 
biofluids like saliva (Magne et al., 2022).

Salivary Biomarkers to Detect Oral Cancer

Saliva is emerging as a valuable diagnostic medium in oncology 
due to its rich molecular content, non-invasive collection, low 
interference, and suitability for repeated sampling. It contains 
DNA, mRNA, proteins, metabolites, and exosomes, reflecting 
tumor-associated molecular changes for early oral cancer 
detection (Kumar et al., 2021). Elevated cytokines (IL-6, IL-8, 
IL-1β), cancer antigens (Cyfra 21-1, CA 125), proteins (Mac-2 
binding protein, profilin-1, CD59, catalase), and soluble CD44 
show diagnostic potential as listed in Table 2. Dysregulated 
microRNAs and VEGF indicate early-stage disease, while MMP-9 
and EGFR mark progression. Key DNA-based salivary biomarkers 
are summarized in Table 3. While important RNA biomarkers 
relevant to oral cancer are presented in Table 4. Challenges 
include low analyte levels, variability, biomolecule instability, 
and interference. Graphene-based biosensors overcome many 
of these issues via high surface area and enhanced sensitivity, 
enabling rapid, specific, and reliable salivary biomarker detection 
(Ullah et al., 2021).
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Electrochemical Graphene Biosensors for Salivary 
Biomarkers in Oral Cancer

The emergence of electrochemical biosensors has transformed 
disease diagnostics by enabling rapid, sensitive, and cost-effective 
detection of clinically relevant biomarkers. These sensors operate 
by converting specific biochemical interactions into quantifiable 
electrochemical signals, offering a robust platform for detecting 
disease markers, including those associated with oral cancer. In 
the context of saliva-based diagnostics, graphene plays a central 
role due to its exceptional conductive and surface properties, 
making it highly responsive to minute biological changes. 
Various electrochemical detection techniques have been adapted 
to work with graphene-based platforms for enhanced sensitivity 
and selectivity as summarized in Table 1, and representative 
fabrication and electrochemical measurement strategies for 
graphene-based immunosensors are illustrated in Figure 3.

Cyclic Voltammetry (CV)

CV is one of the most widely employed techniques to evaluate 
redox behaviour of biomolecules. It applies a cyclic potential 
sweep to the sensor's electrode, recording current changes that 
reflect electrochemical activity. Graphene's high conductivity and 
large surface area enhance electron transfer, making it ideal for 
detecting low-abundance biomarkers such as Cyfra 21-1 and IL-8 
in saliva. For instance, a CV biosensor based on ZrO₂-Reduced 
Graphene Oxide (RGO) demonstrated high performance in 
detecting Cyfra 21-1, with a wide dynamic range and low detection 
limits, supported by ELISA validation. Similarly, ZnO-rGO 
composites have been used for IL-8 detection, showing excellent 
response in clinical saliva samples (Karim, 2021).

Differential Pulse Voltammetry (DPV)

DPV provides high-resolution data by applying pulsed voltage 
ramps and measuring resulting currents, enabling detection of 
biomarkers in complex media. Gold nanoparticles combined with 
RGO (AuNPs-rGO) have been used to develop immunosensors 
for IL-8, offering excellent stability, specificity, and reusability. 
Another design using cerium oxide-RGO composites has 
successfully detected Cyfra 21-1 with picogram-level sensitivity 
and negligible cross-reactivity.

Electrochemical Impedance Spectroscopy (EIS)

EIS detects changes in electrical impedance caused by 
biomolecular interactions at the sensor interface. Label-free EIS 
sensors incorporating RGO have shown accurate quantification 
of Carcinoembryonic Antigen (CEA) and Cyfra 21-1 in saliva, 
effectively distinguishing healthy individuals from OSCC 
patients using portable prototypes. The impedance shifts due to 
antigen-antibody binding lead to quantifiable electrical signals, 
making EIS particularly valuable for point-of-care testing (Verma 
et al., 2023).

Field-Effect Transistor (FET) Sensors

Graphene-based FET sensors offer ultra-fast detection by 
measuring current changes in a semiconductor channel upon 
biomarker binding. Aptamer-functionalized graphene FETs have 
been developed to detect IL-6 in saliva, demonstrating detection 
within seven minutes and high sensitivity. These sensors are 
also being adapted for handheld devices connected to mobile 
platforms, integrating diagnostics with cloud-based data analysis 
(Verma et al., 2017).

Nanomaterial Advantages Limitations Diagnostic Use References
Graphene High surface area, 

conductivity, flexible, 
biocompatible

Aggregation; complex 
synthesis

Salivary biomarker detection in oral 
cancer

(Mahalakshmi et 
al., 2025c)

Gold NPs Optical features, easy 
functionalization, 
biocompatible

Aggregation; costly Colorimetric/electrochemical 
biosensors

(Kumalasari et al., 
2024)

Carbon Nanotubes Conductive, stable Limited 
functionalization; 
potential toxicity

Electrochemical cancer sensing (Karagianni et al., 
2026)

Silicon Tunable optical/
electronic properties

Brittle; less 
biocompatible

Optical biosensors (Mahalakshmi et 
al., 2025c)

Quantum Dots Bright, tunable 
emission

Toxicity; complex 
synthesis

Fluorescent biosensors (Tandale et al., 
2021)

Metal Oxides Catalytic, 
cost-effective

Lower conductivity Electrochemical diagnostics (P. Kumar et al., 
2024)

Table 1:  Comparative Overview of Nanomaterials Used in Biosensors.
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Amperometric Sensors

Amperometry involves measuring current at a constant 
potential, offering real-time monitoring of electroactive species. 
A self-reporting biosensor composed of graphene oxide, 
gadolinium hexacyanoferrate, and gold nanoparticles achieved 
sensitive detection of Cyfra 21-1 without needing external redox 
mediators, providing a direct and simplified detection system 
suitable for clinical use.

Chronoamperometry (CA)

CA sensors step the voltage at fixed intervals and track current 
over time to monitor redox reactions. A graphene oxide-aptamer 
sensor was designed to detect TNF-α, showing high sensitivity in 
the picogram range. The molecular beacon-based electrochemical 
detection strategy for TNF-α is depicted in Figure 4. This system 
enables longitudinal monitoring of inflammatory markers in oral 
cancer patients (Devaraji and Ravikumar, 2024).

Photoelectrochemical (PEC) Biosensors

PEC combines optical and electrochemical principles for enhanced 
sensitivity. A novel PEC sensor using graphene oxide, silver 
nanoclusters, and hemin detected the oral cancer-associated gene 
ORAOV1 at femtomolar levels, demonstrating ultra-sensitive 
diagnostics. Graphene-powered electrochemical techniques 
enable rapid, specific detection of salivary biomarkers and can 
be adapted for wearable or portable formats, supporting early 
oral cancer diagnosis and treatment monitoring, especially in 
decentralized or resource-limited settings (Ahmad et al., 2023). 
Challenges of Graphene-Based Electrochemical Biosensors for 
Salivary Biomarker Analysis in Oral Cancer.Graphene-based 
electrochemical biosensors hold promise for non-invasive oral 
cancer detection, but clinical use remains challenging. Patient 
heterogeneity, low-abundance salivary biomarkers, and saliva’s 
complex composition can compromise accuracy. Functionalizing 
graphene for selective binding is difficult, and unstable 

Figure 1: Study selection process.
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modifications may cause signal drift and poor reproducibility. 
Additional hurdles include salivary variability, scalable 
production, batch consistency, long-term stability, affordability, 
and point-of-care compatibility. Clinical deployment requires 
multidisciplinary expertise, standardized validation, robust 
trials, and regulatory guidance. Future research should focus on 
optimizing surface functionalization, enhancing sensor stability 
in physiological conditions, and fostering cross-disciplinary 
collaboration. Standardized testing across diverse populations is 
critical to ensure reliability and enable real-world application of 
graphene-based biosensors in oral cancer diagnostics (Pirzada 
and Altintas, 2019).

Clinical Validation and Regulatory Considerations

Despite promising laboratory performance, translating 
graphene-based biosensors into clinical diagnostics requires 
rigorous validation. This includes clinical trials, reproducibility 
studies, and comparison with gold-standard diagnostic tools. 
Standardization of sample collection, biomarker thresholds, and 
analytical protocols is essential for ensuring consistency across 
patient populations. The overall structure and working principle 
of graphene-based electrochemical biosensors for salivary 
biomarker detection are illustrated in Figure 2. Regulatory 
hurdles remain a significant barrier. For clinical approval, 
biosensors must meet stringent criteria set by organizations such 
as the U.S. FDA, CE, or ISO standards, covering aspects like 

Figure 2: Illustrates the structure and function of graphene-based electrochemical biosensors designed for detecting salivary biomarkers associated with oral 
cancer (Mahalakshmi et al., 2025b). 
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safety, accuracy, and reliability. Addressing these requirements 
will involve collaborative efforts across academia, industry, and 
regulatory bodies to accelerate the bench-to-bedside transition 
(Song et al., 2025).

Next-Generation Graphene Biosensors for Oral 
Cancer Diagnosis

Graphene-based electrochemical biosensors offer personalized, 
non-invasive oral cancer diagnostics. Integration with AI/
ML enables real-time analysis, biomarker pattern recognition, 
and personalized treatment guidance. Future multiplexed 
platforms can detect multiple salivary biomarkers, providing 
precise diagnosis, staging, and prognosis. Affordable, portable, 
and wearable devices-supported by microfluidics, lab-on-chip 
systems, and telemedicine-allow rapid, continuous monitoring of 
nucleic acids, proteins, and metabolic or ionic markers, revealing 
tumor and systemic health insights. Clinical adoption requires 
validation, regulatory approval, standardization, and ethical 
compliance. The convergence of graphene nanotechnology, 
biosensor design, and digital health promises accurate, accessible, 
and proactive oral cancer diagnostics for individualized patient 
care (Daweshar et al., 2024).

Integration with mHealth and Wearable 
Technologies

The future of graphene-based biosensing extends beyond 
standalone diagnostics to integrated mobile health (mHealth) 
platforms. By coupling biosensors with smartphones, cloud 
computing, and wireless communication modules, real-time 
monitoring of salivary biomarkers becomes possible. These 
systems can automatically transmit diagnostic data to clinicians 
or centralized databases, supporting rapid decision-making and 
personalized care. Furthermore, advances in wearable biosensors, 
such as graphene-coated mouthguards, dental patches, or 
intraoral strips, could enable continuous, real-time analysis 
of salivary components. These innovations can transform oral 
cancer management from periodic check-ups to dynamic, 
patient-driven health monitoring Mishra et al., 2024).

CONCLUSION AND FUTURISTIC OUTLOOK

Graphene-based electrochemical biosensors are revolutionizing 
oral cancer diagnostics by offering sensitive, selective, and 
non-invasive salivary detection. Their high surface area, 
conductivity, and mechanical strength allow ultra-low biomarker 
detection, supporting early-stage diagnosis and improved 

Sl. No. Biomarker Key Properties and Applications References
1 Catalase Used in OSCC diagnosis (Ravikumar and 

Velmurugan, 2024)
2 CD44 High diagnostic/prognostic accuracy
3 CD59 Overexpressed in saliva; T-cell activation
4 Cyfra-21-1, TPA, CA125 Salivary markers; indicate early chemo response (Ilhan et al., 2020)
5 Defensin-1 Elevated; improves early detection
6 IL-1α Regulates inflammation and angiogenesis
7 IL-1β Increased in oral cancer; modulates immune/inflammatory response
8 IL-6 Proangiogenic/inflammatory; aids early diagnosis and prognosis
9 IL-8 Elevated in oral cancer; also relevant in periimplantitis (Hao et al., 2019)
10 Involucrin Differential expression in OSCC vs healthy tissue
11 M2BP Overexpressed; involved in cell adhesion/matrix interaction
12 MMP-11 Invasive/metastatic; poor prognosis marker
13 MMP-2 Promotes metastasis and vascular growth
14 MMP-8 Elevated in saliva; useful in periodontal assessment
15 MMP-9 Supports angiogenesis; dysplasia-to-cancer transition (Mahalakshmi et al., 

2025d)
16 MRP14 Regulates leukocyte movement and inflammation
17 Profilin Varied levels between OSCC and healthy controls
18 S100A12 Differential expression in oral cancer
19 Salivary Alpha Amylase Potential diagnostic marker; breaks down starch
20 TGF-β Unchanged levels; limited diagnostic value
21 TNF-α Stimulates proliferation, inhibits apoptosis, induces inflammation (Mesrati et al., 2021)

Table 2:  Protein Biomarkers in Oral Cancer.
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Figure 3: Presents a schematic overview showing (a) the fabrication steps of the Anti-IL8/ZnO-rGO/ITO immunosensor and (b) the 
electrochemical setup employed to perform electro-analytical measurements with the fabricated sensor (Mahalakshmi et al., 2025e).
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Sl. No. Biomarker Key Properties and Applications References
1 8-OHdG Reduced levels in saliva (S. Kumar et al., 

2019)
2 Chromosomal regions 3p, 9q, 13q, 17p Linked to early oral cancer
3 Cyclin D1 (CCND1) Amplification/overexpression; poor prognosis
4 p27 (CDKN1B), TP63, TP73 Allelic loss on 9p
5 DAPK1 Apoptosis regulator; often hypermethylated
6 DCC Netrin receptor; present in saliva of patients
7 EDN1 Tumor-promoting G-protein receptor (Wu et al., 2018)
8 Ki67 Elevated in saliva; proliferation/metastasis marker
9 KIF1A Involved in apoptosis and DNA repair
10 LDH Overexpressed in saliva; key in anaerobic glycolysis
11 LINE-1 Hypomethylated in oral cancer
12 MINT31 Regulates calcium channels
13 RASSF1α Tumor suppressor; inhibits growth via RAS (Guo et al., 2023)
14 RARβ, FHIT, p15, TIMP3, APC Frequently methylated
15 TIMP1 Detected in saliva; prognosis marker
16 TIMP3 Immune response and T-cell recognition
17 TP53 DNA repair and apoptosis; LOH linked to cancer
18 p16INK4A Sonic hedgehog signaling pathway
19 p16INK4A, MGMT, DAPK1, GSTP1 Frequently methylated in saliva
20 VEGF, BCL-2, Claudin 4, YAP1, MET Predicts radio-resistance in OSCC (Shpitzer et al., 

2009)

Table 3: DNA biomarkers.

Figure 4: Shows an electrochemical molecular beacon-based biosensor designed for detecting TNF-α in saliva, highlighting its potential use in early diagnosis 
of oral cancer (Mahalakshmi et al., 2025e).
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prognosis. These sensors enable real-time, low-cost, point-of-
care testing, increasing accessibility and accuracy. Current 
challenges include stable surface functionalization, reproducible 
fabrication, scalable production, and limited single-analyte 
detection. The future lies in multiplexed platforms capable of 
simultaneously detecting multiple salivary biomarkers, integrated 
with microfluidics, lab-on-chip systems, and AI-driven analytics. 
Coupled with telemedicine, they can facilitate remote monitoring, 
personalized disease management, and broader healthcare access. 
Ongoing research to overcome technical and regulatory barriers 
will be key to clinical translation. Graphene-based biosensors 
have the potential to redefine oral cancer detection, enabling 
earlier diagnosis, precise monitoring, and improved patient 
outcomes, forming the backbone of next-generation diagnostic 
tools (Khan et al., 2023).
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