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ARTICLE INFO ABSTRACT

Keywords: Bioactive materials and biosensing technologies are emerging as pivotal tools in the early detection and man-
Biosensors agement of oral cancer, a disease characterized by high morbidity and mortality rates. Recent advancements in
Biomarkers

nanotechnology have facilitated the development of innovative biosensors that utilize bioactive materials for
non-invasive diagnostics, particularly through salivary analysis. These biosensors, including electrochemical,
optical, and molecular types, target specific biomarkers such as DNA, RNA, and proteins associated with oral
cancer. For instance, metal oxide nanoparticles and gold nanoparticles have shown promise in enhancing the
sensitivity and specificity of these diagnostic tools. The integration of these nanomaterials allows for real-time
monitoring of biomarker levels in saliva, providing a rapid and accurate means of detecting oral cancer at its
nascent stages. Furthermore, the utilization of biosensors can circumvent the limitations of traditional biopsy
methods, which are often invasive and time-consuming. By focusing on salivary diagnostics, researchers aim to
develop point-of-care testing devices that can be used in various settings, thus improving accessibility to early
screening for at-risk populations. This innovative approach not only enhances diagnostic accuracy but also holds
potential for personalized treatment strategies by enabling continuous monitoring of disease progression and
response to therapy. As research continues to evolve, the combination of bioactive materials with advanced
biosensing technologies promises to revolutionize oral cancer diagnostics, ultimately leading to improved patient
outcomes through earlier intervention and tailored therapeutic approaches.

Electrochemical sensors
Bioactive materials
Oral cancer

1. Introduction due to premature mortality rates [1,2]. This aggressive cancer primarily
targets oral epithelial cells, presents a risk of metastasis, and can lead to
Oral cancer significantly reduces productivity in developing nations fatal outcomes [3]. Visual examination and biopsy are the primary
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Fig. 1. A) Schematic illustration of a biosensing device, which is comprised of a bioreceptor, transducer, and amplifier. Reprinted with permission from Ref. [18]. B)
Development of nanomaterials based on biosensors for oral cancer detection. Reprinted with permission from Ref. [19].

methods used to diagnose oral cancer and premalignant lesions, such as
erythroplakia and leukoplakia. Currently, diagnosing oral cancer relies
on invasive procedures like tissue biopsy of the affected area, supple-
mented by non-invasive imaging techniques. These imaging methods,
however, can be both time-intensive and expensive [4,5].
Time-consuming and costly diagnostic procedures often cannot effec-
tively distinguish between normal and tumor tissue, potentially delaying
the initiation of treatment [6,7]. Conventional techniques for detecting
oral squamous cell carcinomas from healthy oral mucosa have been used
either separately or alongside supplementary investigative strategies.
However, these methods tend to be expensive, labor-intensive, invasive,
time-consuming, and dependent on the expertise of the investigator.

Because of the low levels of biomarkers detected in exfoliated cells,
tissue samples, and various biological fluids such as saliva, semen,
blood, and urine, the disease may go undiagnosed until a specific
diagnostic test is performed. In healthy individuals, these biomarkers
are generally found in minimal quantities; however, their concentra-
tions increase as the disease advances. Biosensors are instruments that
consist of a receptor-transducer combination, utilizing biological ma-
terials to interact with specific analytes [8]. These devices deliver
quantitative or semi-quantitative information via a biological recogni-
tion component. The utilization of biosensors is rapidly increasing
within the medical field, where they serve as diagnostic tools for various
applications, including the monitoring hazardous metabolites,
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Table 1
An overview of oral cancer diagnosis by biosensors.
Transducer Nanomaterial Detection Sample limit of Response Ref.
detection time
Optical Rhod-NO, Fluorescence Serum 0.6 ng/mL 30 min [33]
Tungsten (VI) oxide Field Effect Transistor (FET) Artificial 1.26 pg 30 min [34]
saliva mL~
Au-Ag hollow nanoparticles (Au-Ag HNPs) SERS Saliva 6.51 aM 10 min [35]
Electrochemical Silver molybdate nanoparticles Differential pulse voltammetry (DPV) Saliva 90 pg mL~? 10 min [36]
Graphite Cyclic voltammetry Serum and 829.5 pg 15 min [37]
saliva mL™
Fluorine doped tin oxide EIS Saliva & 6 fg mL ! 60 min [38]
serum
Photoelectrochemical ~ Titanium dioxide/Indium sulfide Anthocyanin (ACN)-sensitized poly(indole-5- Real serum 3.3 pg mL ™! 60 min [39]
carboxylic acid) (P5ICA) nanofibers
Silver nanoclusters; Graphene oxide photoelectrochemical Saliva 33 fM 40 min [40]
silver nanowires/fullerene-Congo red; Single- Photoelectrochemical Saliva 0.57 pM . [41]

walled carbon nanotubes/platinum nanowires

cholesterol testing, measuring vitamins and other nutrients, identifica-
tion of infections, and glucose monitoring [9-12]. Biosensors are in-
struments that convert a biological component, such as DNA, RNA, or
protein, into an electrical signal that can be measured and analyzed for
the detection of a specific biological analyte [13]. The prefix “bio”
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2. SAM modification
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denotes the sensor’s capability to identify biological entities, including
microorganisms, antibodies, proteins, DNA, and RNA. A biosensor is
primarily composed of three essential elements: a biological recognition
element, a transducer, and a signal processing system (Fig. 1A) [14].
Also, nanomaterials have become highly regarded as potential
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Fig. 2. A) Diagram showing the 3DN-CNTs sensor setup for detecting Cyfra 21-1. B) 3DN-CNTs sensor performance at various Cyfra 21-1 concentrations. Reprinted
with permission from Ref. [32] Copyright © 2018 Elsevier B.V. All rights reserved. License Number: 5897361280288.
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candidates for advancing biosensors aimed at detecting oral cancer due
to their distinctive physicochemical characteristics. These include a high
surface-to-volume ratio, tunable surface chemistry, and the ability to
conduct electrons efficiently. These properties significantly improve the
sensitivity and specificity of biosensors, enabling them to identify even
trace amounts of cancer biomarkers in biological fluids such as saliva.
Salivary diagnostics using nanomaterial-based biosensors offer a
non-invasive alternative that is particularly advantageous for patients
with restricted mouth opening or those who require frequent moni-
toring. Various types of nanoparticles are utilized in these biosensors,
including gold nanoparticles, carbon nanotubes, and metal oxide
nanoparticles. Gold nanoparticles are particularly favored due to their
excellent optical properties and biocompatibility. They can be modified
with particular ligands or antibodies to identify cancer-specific bio-
markers, including the carcinoembryonic antigen (CEA) and epidermal
growth factor receptor (EGFR). This functionalization allows for the
precise detection of cancer cells through techniques like surface plasmon
resonance (SPR) or fluorescence-based assays (Fig. 1B) [15-17]. The
aim of this review article is to evaluate recent advances in bioactive
materials, prospects and future opportunities in oral cancer bioassays.

2. Current trends in biosensor technologies for oral cancer

A biosensor is an analytical device that integrates a biologically
active element with an appropriate physical transducer to generate a
quantifiable signal that corresponds directly to the concentration of
chemical substances present in a sample [20]. The intricate and quan-
titative characteristics of biodegradation stem from the strong interplay
between biological detection components, which include enzymes,
nucleic acids, and antibodies, and transducer types such as optical,
electrochemical, and piezoelectric devices [21]. Quantum dots (QDs),
Metal nanoparticles (MNPs), and carbon nanotubes are prominent
nanomaterials used in the development of nanosensors, which signifi-
cantly increase their sensitivity and accuracy [22]. Due to their
heightened sensitivity, rapid response times, and practical applications,
these technologies can be integrated with lab-on-a-chip systems,
resulting in advanced point-of-care (POC) analytical platforms. Their
unique characteristics render them effective tools for detecting a diverse
range of analytes, such as biomarkers, drugs, proteins, viruses, bacteria,
and microbes [23]. Antibody-linked MNPs have been employed for the
immunomagnetic separation of proteins, viruses, and nucleic acids.
Factors such as the specific capping agents, surface modifications,
temperature, and timing of polymer addition can influence the
morphology and magnetic characteristics of MNPs. This versatility fa-
cilitates the incorporation of functional groups that enable the attach-
ment of different ligands, including proteins, nucleic acids, and
antibodies, which are essential for identifying and quantifying target
substances [24,25]. Researchers and scientists are actively designing
and developing biosensors specifically for the detection of cancer bio-
markers, facilitating early cancer diagnosis. In particular, biosensors
have shown promise in effectively identifying oral cancer at early stages.
Studies have demonstrated the efficacy of protein, RNA, and DNA bio-
sensors in detecting oral cancer, providing valuable insights that support
non-invasive detection methods for this disease (Table 1) [26]. The
application of biosensors for analyzing protein biomarkers is increas-
ingly recognized as an effective and affordable approach for creating
POC devices [27]. Electrochemical biosensors have been utilized for the
detection of cancer markers, showcasing their potential in clinical di-
agnostics [28]. Surface plasmon resonance (SPR) sensors using surface
plasmon spectroscopy are increasingly used for label-free detection of
cancer biomarkers [29]. Additionally, piezoelectric biosensors have
been employed for cancer marker detection due to their high sensitivity,
lightweight design, and low power consumption [30]. Optical bio-
sensors are widely used for the detection of biomarkers due to their
remarkable specificity and sensitivity, rapid response times,
cost-effectiveness, and compact design [31]. Song and colleagues
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created a fluorescence-based immunosensor. This sensor uses a
three-dimensional platform of carbon nanotubes on a silicon pillar
substrate (3DN-CNTs). Its goal is to detect oral squamous cell carcinoma
(OSCQ) in saliva. To enhance the structural stability of the biosensing
system, they applied an aluminum oxide coating to the 3DN-CNTs. This
biosensor improves accessibility and sensitivity for detecting the
Cytokeratin-19 fragment (Cyfra 21-1). It does this by increasing the
intensity of the immobilized antibody, benefiting from the high surface
area of the 3DN-CNTs. To evaluate the clinical applicability of the
3DN-CNTs sensor, researchers compared it with a commercially avail-
able electrochemiluminescence detection system used in hospitals. The
results showed a strong linear association. This suggests that the Cyfra
21-1 biomarker in clinical fluids is a promising marker for diagnosing
OSCC accurately. Fig. 2A displays the fluorescence-based immunoassay
using 3DN-CNTs for quantitative analysis of Cyfra 21-1. Fig. 2B shows
that fluorescence intensity significantly increased with higher concen-
trations of Cyfra 21-1, ranging from 1 to 1000 ng/mL [32].

3. Nanomaterials and their role in biosensing applications

Biosensors designed for cancer detection have recently gained sig-
nificant attention. A primary challenge hindering the rapid advance-
ment of these biodevices is the complexity associated with cancer, which
encompasses a wide range of diseases. To address this, innovative pro-
teomic and genomic molecular tools are being utilized to develop
“molecular signatures” and to create comprehensive tumor profiles.
Today, oncologists mainly depend on selective biomarkers and histo-
logical analysis of tumors for cancer diagnosis and treatment planning.
Key signatures include post-translational protein modifications, gene
expression changes, genetic and epigenetic markers, and protein pro-
files. Molecular signatures hold significant promise for advancing
biosensor technologies in cancer diagnosis. Biosensors have significant
potential to advance molecular diagnostics and pave the way for
improved diagnostic methods for cancer patients [42-45]. Also, nano-
materials are characterized as materials that exhibit at least one
dimension within the range of 1-100 nm [46]. These materials possess
unique characteristics, such as a low density, a high surface-to-volume
ratio, and an extensive surface area that enhances their reactivity.
They also exhibit thermal and chemical stability, excellent electrical
conductivity, and porosity. Furthermore, these materials are recognized
for their ability to amplify signals and their compatibility with biological
systems [47-49]. These features make them highly effective for bio-
sensing system development. Consequently, they improve the speci-
ficity, sensitivity, and response time of biosensors by improving the
efficiency of biomolecule immobilization [50,51]. Recent progress in
biosensor research has encouraged scientists to delve deeper into
nanotechnology. Nanomaterials play a crucial role in the analytical el-
ements of biosensors, leading to substantial reductions in detection
limits, as well as marked improvements in both specificity and sensi-
tivity. This has notably advanced the ability to detect individual mole-
cules effectively [52]. Numerous types of nanomaterials are being
increasingly employed in the development of biosensors for detecting
and measuring biochemical reactions. These include various
carbon-based materials such as carbon nanotubes and graphene; metals,
such as platinum, gold, and silver; and metal oxides like titanium oxide,
zinc oxide, and zirconium oxide [53-56]. Metal nanoparticles have
demonstrated significant potential as immobilization matrices for bio-
sensors. Their conductive properties and large surface area enhance the
capacity for loading receptor molecules, which is crucial for improving
biosensor performance [43,50]. Gold has proven to be an effective
nanomaterial for developing metal-based biosensors, owing to its
remarkable stability, capacity to create self-assembled monolayers with
thiol-functionalized groups, and excellent electrical conductivity [57].
Research teams have emphasized the progress of electrochemical bio-
sensors that use gold for detecting oral cancer. These advancements
mark a significant step forward in cancer diagnosis technology. For
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Fig. 3. A) Illustrates various strategies for electrochemical biosensors designed for biomarker detection in saliva. Reprinted with permission from Ref. [62]. B)
Schematic of nanoparticle-based biosensors used for analyte detection. Reprinted with permission from Ref. [63] Copyright © 2023 by the authors. Licensee MDPI,
Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://cre

ativecommons.org/licenses/by/4.0/).

instance, Mung et al. showed that gold nanoparticles measuring 5 nm,
when encapsulated with glutathione (referred to as GSH-AuNP), can
effectively identify the IL-8 biomarker present in serum samples from
patients diagnosed with oral cancer [58]. Singhal et al. have explored
the remarkable potential of nanomaterials in diagnostics, attributing
this to their high surface-to-volume ratio and the quantum confinement
effect. These characteristics significantly improve the detection limits
for clinically relevant biomolecules found in biofluids. Additionally,
these nanomaterials can transition from a laboratory-based platform to a
POC screening device. The technology for fabricating
nanomaterial-based biosensors has notably streamlined and enhanced
the diagnostic processes for oral cancer [59]. Li et al. introduced an opal
photonic crystal (OPC)-enhanced upconversion fluorescence method for

detecting carcinoembryonic antigen (CEA) in saliva using fluorescence
techniques. The incorporation of upconversion nanoparticles signifi-
cantly improves the sensitivity of the biosensor. This approach serves as
a valuable tool for early detection and monitoring, allowing patients to
perform tests at their residence [60]. Teow et al. explored innovative
biosensor techniques for diagnosing oral squamous cell carcinoma
(OSCQ). They identified biomarkers linked to the progression of OSCC,
highlighting that biosensors are engineered to detect these biomarkers,
facilitating early cancer diagnosis. Typically, biosensors are enhanced
with materials such as carbon-based nanocomposites, metal oxides, gold
nanoparticles (AuNPs), dendrimers, quantum dots (QDs), and various
other nanomaterials (NMs) [61]. Fig. 3A shows different strategies for
electrochemical biosensors designed for biomarker detection in saliva
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Table 2
Comparative analysis of detection limits, response time and stability parameters of gold nanoparticles, carbon nanotubes and quantum dots for oral cancer biomarkers.
Type of nanomaterials Response Biomarker  Stability parameters limit of detection  Linear range Ref.
times
Gold AuNPs@ZIF-8/ Not specified =~ ORAOV 1 RSD intra-assay: 1.46 %, RSD inter-assay: 1.76 % 63 fM 0.1-104 pM [64]
nanoparticles Cu
AuNPs-rGO 9 min IL-8 The reusability and stability up to 3 months 72.73 £ 0.18 pg 500 fg mL~! to 4 [65]
mL~! ng mL~!
Carbon SWCNTs 10 min IL-6 Stable in storage 0.5pgmL~! (25  <6pgmL! [66]
nanotubes M)
DWCNTs 2 h 30 min IL-1p The relative standard deviation (RSD) values obtained ~ 0.38 pg mL ™! 0.5 and 100 pg [67]
0.6 and 2.7 % mL~!
Quantum dots DNA-QDs 30 min IL-8 Recoveries ranged between 97.20 and 104.4 % and 3.36 fg/mL 5 to 5000 fg/mL [68]
RSDs were all within 5 %
AuNPs/S-GQD Not specified  IL-6 The obtained frequency RSD value 1.36 % for at least 3.33 fg/mL 0.01-2.0 pg mL~? [69]

40 QCM-based safety sensors

Abbreviation: AUNPs@ZIF-8/Cu: Cu>*-doped zeolitic imidazolate frameworks and gold nanoparticle; RSD: The relative standard deviation; IL8: Interleukin-8; AuNPs-
rGO: Gold nanoparticles-reduced graphene oxide; IL-6; Interleukin-6; SWCNTs: Single-Walled Carbon Nanotubes; DWCNTs: Duble-walled carbon nanotubes; IL-1f:
Interleukin-1p; DNA-QDs: DNA-templated quantum dots; QCM: Quartz crystal microbalance.

Table 3
Various types of electrochemical biosensors used in the diagnosis of oral cancer.
Types of electrochemical Biomarker provenance pH  Temperature  Buffer Advantage Detection Ref.
biosensors composition Limit
Molecularly imprinted polymer Transforming growth Saliva 7.4 22°C PBS* Large-scale rapid screening in 0.09 ng/ [91]
(MIP)-based electrochemical factor p1 (TGF-B1) the diagnosis of oral cancer mL
sensor
Molybdenum disulfide (MoS5)- Interleukin-8 (IL8) Saliva 7.4 25°C PBS Excellent stability, high 0.1 M [92]
zinc oxide (ZnO) accuracy sensitivity,
Nanocomposite Mediated repeatability, and
Immunosensor reproducibility
Electrochemical Immunosensor Cytokeratinfragment 21-1  Saliva 7.4 700°C PBS High reproducibility and good ~ 0.014 ng/ [93]
(CYFRA 21-1) selectivity mL
MoS, nanoflower based Tumour Necrosis Factor-a  Serum 74 4°C PBS High sensitivity, and 0.202 pg [94]
electrochemical biosensor (TNF-o) selectivity ml~!

@ Phosphate-buffered saline (PBS): The composition includes sodium phosphate (as the weak acid/base pair) and sodium chloride to maintain isotonicity with cells.

and also Fig. 3B shows the schematic of nanoparticle-based biosensors
used for analyte detection. Table 2 shows a comparative analysis of the
detection limits, response time, and stability parameters of gold nano-
particles, carbon nanotubes, and quantum dots for oral cancer
biomarkers.

4. Electrochemical vs. optical biosensors: a comparative
analysis

Electrochemical biosensors are more widely adopted compared to
other biosensor technologies due to their ability to detect a broad range
of biomarkers and their compatibility with standard laboratory equip-
ment. Additionally, their potential for miniaturization makes them
suitable for integration into portable and wearable devices [70-72].
Integrating electrochemical sensors into compact devices requires
adherence to stringent standards for flexibility, convenience, and ease of
operation. Creating portable and reliable point-of-care devices that are
highly sensitive poses considerable difficulties. Addressing these chal-
lenges is crucial for advancing healthcare technology. Researchers have
explored numerous strategies to enhance the functionality of sensing
electrode surfaces. Approaches such as antibody conjugation, magnetic
bead integration, and the use of aptamers have been widely investigated
for improving detection capabilities (see Table 3). Additionally,
numerous potential biomarkers for oral cancer have been identified by
researchers [73]. Electrochemical biosensors are a well-established
category of biosensors that primarily utilize solid electrodes. These de-
vices leverage the inherent recognition properties of biomolecules,
allowing them to immobilize sensitive biological entities on the elec-
trode’s surface. Once the biomolecules are affixed, they can selectively
identify the target analytes present in the sample. To facilitate either

quantitative or qualitative analysis of these analytes, the solid electrode
converts the concentration of the target molecules into measurable
electrical signals, such as capacitance, resistance, potential, or current,
which serve as response indicators [74]. Electrochemical mechanisms
serve as the foundation for most biosensors developed today. These
biosensors offer advantages such as high sensitivity and selectivity, ease
of miniaturization, user-friendliness, and cost-effectiveness. Due to these
benefits, electrochemical biosensors have found widespread application
across fields including environmental monitoring, healthcare, food
safety, industrial processes, and agriculture [75-77]. Electrochemical
detection mechanisms often rely on electrode modification to enhance
sensitivity, selectivity, and stability [78,79]. These modifications
involve coating the electrode surface with functional materials such as
nanoparticles, polymers, self-assembled monolayers, or biomolecules
[80,81]. Nanoparticles, like gold or carbon-based materials, increase the
surface area and conductivity, while polymers and monolayers enable
selective analyte binding [82]. Biomolecule modifications, such as en-
zymes or antibodies, facilitate specific biological interactions [83,84].
These tailored surfaces improve electron transfer kinetics and reduce
interference, optimizing detection performance [85]. Modification
techniques include drop-casting, electrodeposition, chemical grafting,
and layer-by-layer assembly, ensuring the electrode is suited for specific
analytes and operating conditions in various sensing applications [86].
Cho et al. presented the electrochemical biosensors into (1)
carbon-based nanomaterials with graphene and carbon nanotubes, and
(2) non-carbon-based nanomaterials with organic materials, indium tin
oxide, metallic and silica nanoparticles, and nanowire. In view of their
sizeable active surface area with an effective electron transfer rate, the
carbon allotropes can be applied as an electrode and supporting scaf-
folds in the biosensors [87]. Guerrero and colleagues recently
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Fig. 4. Overview of detection of oral cancer biomarkers in saliva by new electrochemical biosensors. a) Designing a sandwich-type immunosensor using differential
pulse voltammetry (DPV) to detect interleukin 1p in saliva. Reprinted with permission from Ref. [88] Copyright © 2020 Elsevier B.V. All rights reserved. License
Number: 5897380658596. B) Development of an immunosensor using a gold electrode modified with glutaraldehyde and cysteamine to detect Cyfra21.1. Reprinted
with permission from Ref. [89] Copyright © 2020 The Author(s). Published by Elsevier Masson SAS. C) Detection of amperometric hypoxia-inducible factor-1 alpha
by sandwich immunoassay method based on magnetic beads. Reprinted with permission from Ref. [90] Copyright © 2019 Elsevier B.V. All rights reserved. License

Number: 5897390097510.

Table 4
Classification of optical biosensors utilized in oral cancer detection.
Types of electrochemical biosensors Biomarker provenance Advantage Detection Ref.
Limit
Surface plasmon resonance-based Malondialdehyde (MDA) Saliva These methods present several advantages, particularly in 14 pM [102]
optical fiber biosensor terms of sample preparation and specificity
Optical fiber ball-shaped biosensor Interleukin 8 (IL-8) Artificial Achieve high sensitivity for the target protein and minimal ~ 0.91 fM [103]
saliva signal alterations for the control protein
lateral flow strip biosensor platform MicroRNA 31-5p (miRNA 31) Saliva Portability, rapid analysis, and low cost 3.21 fM [104]
(HRCA-strip)
Plasmonic optical-fiber-based point- Macrophage inflammatory Saliva High selectivity and very low limit of detection 2.7 pgmL~! [105]

of-care test protein (MIP)-1a

introduced an innovative sandwich type electrochemical immunosensor
designed to detect interleukin-1p in saliva. This sensor employs an
electro-click approach to enhance detection sensitivity and specificity
(see Fig. 4A). Their preferred detection method was differential pulse
voltammetry (DPV). They used azide-modified multiwalled carbon
nanotubes to reinforce disposable screen-printed carbon electrodes.
Their study showed that the sandwich immunosensor achieved a
significantly lower limit of detection at 5.2 pg ml~! using a secondary
labeling strategy for signal amplification and better performance than
conventional ELISA kits [88]. Jafari and colleagues have recently
created an immunosensor by attaching anti-Cyfra21.1 to a gold elec-
trode modified with glutaraldehyde (GA) and cysteamine (CysA). To
evaluate the performance of this biosensor, they utilized square wave
voltammetry and compared the results to those obtained from a com-
mercial ELISA test for validation purposes. They found that the detection
limit and linear detection range were 2.5 ng/mL and 2.5-50 ng/mL,
respectively (Figure 4B) [89]. Munoz-San Martin and their colleagues
pioneered the amperometric detection of hypoxia-inducible factor 1
alpha. They accomplished this by utilizing magnetic beads for electro-
chemical sensing (Fig. 4C). Hypoxia-inducible factor-1 alpha is a crucial
biomarker for predicting the outcomes of oral squamous cell carcinoma.
Its significance arises from its role in the hypoxic environment of tumors.
Based on the results in a rapid assay time of only 105 min, the developed
biosensors could achieve a lower limit of detection of 76 pg mL ™! [90].

Optical devices provide an innovative approach to salivary analysis,
delivering high selectivity and sensitivity without the requirement for
labeling. Various non-invasive optical technologies have been devel-
oped, including surface-enhanced Raman spectroscopy biosensors, sur-
face plasmon resonance biosensors, photonic crystal biosensors, and
fluorescence-based biosensors [95]. One of the types of optical sensors
known as colorimetry based on biosensors allows the non-invasive
detection of biological fluids using fast and high-quality methods.
These sensors typically use microfluidic channels to efficiently transport
biofluids to the detection area, where the sensor reads and analyzes the
sample [96]. Surface-enhanced Raman spectroscopy (SERS) is the most
widely used analytical technique in optical methods due to its remark-
able multiplexing capability, simplicity, sensitivity, and adaptability
[97]. Nanostructured materials are often utilized to enhance the sensi-
tivity of these devices. Optical signals have distinct advantages over
other physical signals such as high superior stability, resistance to
external interference, low noise levels, and sensitivity. As a result, op-
tical biosensors have exhibited excellent performance in detecting bio-
logical systems and have made significant strides in areas such as food
processing control, environmental monitoring, drug development, and
clinical diagnostics (see Table 4) [98,99]. In this regard, an increase in

device sensitivity occurs when using nanostructured materials. Liu and
colleagues amplified the SERS signal using a biosensing platform made
of plasmonic silver nanocubes (see Fig. 5A). To detect a DNA sequence
associated with oral cancer, they used this endonuclease-assisted signal
amplification platform integrated with heated electrodes. The results
showed that the DNA biosensor achieved a cleavage time of only 1 h and
also showed remarkable sensitivity in the linear range from 10 fM ~1
nm [100]. Wu and colleagues explored the use of salivary exosomes as
promising biomarkers for a range of cancers, particularly oral cancer.
They created a fluorescent biosensor. This biosensor employs magnetic
and fluorescent bio-probes that incorporate quantum dots. This design
enhances signal amplification significantly (see Fig. 5B). Specific
aptamers are attached to the surfaces of magnetic microspheres. This
method allows for the selective capture of CD63 proteins found in exo-
somes. The binding of exosomes induced shape changes in the aptamers,
resulting in the release of QDs-conjugated tethered DNA concatemers,
which further amplified the signal. They placed the biosensor to accu-
rately assess the matrix effect in real samples of human saliva and buffer
solutions. The results showed that the biosensor has a lower detection
limit of 500 particles per microliter of solution [101].

5. Salivary biomarkers: the future of non-invasive diagnostics

Saliva is a clear, watery fluid produced by the salivary glands that is
released into the oral cavity. Components of saliva can be transported
either by active transport mechanisms or by passive diffusion from the
associated blood vessels or the salivary glands. Head and neck cancers
rank as the sixth most prevalent cancer globally, with approximately 40
% of these cases occurring in the oral cavity. Saliva contains various
biomarkers, some of which can be detected using infrared spectroscopy.
Rapid cell proliferation associated with cancer can lead to quick
metastasis. In addition to monitoring periodontal diseases (as shown in
Table 5) [106,107], saliva has been utilized to detect systemic inflam-
mation and for screening in epidemiological research [108], high-
lighting its potential as a diagnostic tool. Researchers suggest that
specific biomolecules in saliva could serve as biomarkers for cancer,
providing a non-invasive option for early detection [109]. Various
salivary proteins have been identified in the literature as potential bio-
markers for oral cancer due to the direct contact of saliva with oral
cancer lesions. These include salivary transferrin, interleukin-8 (IL-8)
[110-112], and tumor necrosis factor-alpha [113]. Saliva has several
limitations as a diagnostic fluid, with low sensitivity and specificity
being among the most significant. Variability in saliva volume among
individuals can lead to fluctuating analyte concentrations, which can
significantly impact test accuracy depending on the timing and method
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Fig. 5. Visual representation depicting the detection of oral cancer indicators in saliva through the use of sophisticated optical biosensors a) Surface-enhanced
Raman scattering (SERS) integrated with a novel optical DNA biosensor. Reprinted with permission from Ref. [100] Copyright © 2021 Elsevier B.V. All rights
reserved. License Number: 5897600361300. B) The use of fluorescent and magnetic biological probes for non-invasive detection of oral cancer through the detection

of salivary exosomes. Reprinted with permission from Ref. [101] Copyright ©

of sample collection [114]. Since saliva biomarkers have demonstrated
potential for cancer diagnosis, various biosensor technologies have been
explored to identify these indicators. One such development is a
surface-immobilized optical protein sensor designed to detect IL-8 pro-
tein, which serves as a salivary biomarker for oral cancer [111]. Multiple
detection of different salivary biomarkers is possible due to significant
efforts towards the development of assays and biosensors. Goldoni et al.
explored new developments in graphene-based nano-biosensors. Their

2020 Elsevier B.V. All rights reserved. License Number: 5897630892225.

research focuses on detecting salivary biomarkers. They present an
extensive overview that encapsulates the most recent advancements in
graphene-based nanobiosensors and oral bioelectronics aimed at iden-
tifying salivary biomarkers. Furthermore, they delve into the intricacies
of the structural configurations of graphene electronics, the utility of
salivary biomarkers, the efficacy of current sensor technologies, and
their potential applications in health monitoring (Fig. 6A) [115]. Wei
and his team developed the first multi-electrochemical sensor for
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Table 5
Summary of biomarkers observed in oral diseases such as periodontal and dental caries.
Type of oral Biomarker The method used Number of Sample Ref.
diseases patients
Periodontal Phosphates Multiplex magnetic bead panels 8314 saliva [117]
Alkaline phosphatase ALP kit 72 saliva, serum, and gingival [118]
crevicular fluid
Hypoxia-inducible factor 1o Enzyme-linked immunosorbent assay (ELISA) and real- 48 Serum, plasma, cell culture [119]
(HIF-1a) time PCR (RT-PCR) supernatant
Dental caries Ghrelin & Leptin Multiplex Magnetic Bead Panels on a Luminex 200 5456 Saliva [120]
Platform
Carbonic anhydrase VI activity Zymography 44 Saliva and biofilm [121]
(CA Viacr)
16, IL-6, IL-8, and IL-10 ELISA 128 Saliva [122]

identifying salivary biomarkers linked to oral cancer. Their findings
demonstrated that detecting both IL-8 mRNA and protein together en-
hances diagnostic accuracy. This innovative approach significantly im-
proves the potential for early oral cancer diagnosis. In their study, they
used an electrochemical (EC) sensor that has 16 integrated gold elec-
trode arrays pre-coated with specific protein and mRNA probes on
different electrodes. The detection process uses a sandwich assay.
Standard in vitro translated (IVT) RNA and protein are added to saliva
samples (Fig. 6B(a)). For the IL-8 mRNA probe, researchers compared
complementary IL-8 mRNA with the salivary internal reference gene
S100A8 RNA. For the IL-8 protein probe, they compared IL-8 protein
with IL-1p protein, another known oral cancer biomarker. The amper-
ometric detection results are shown in Fig. 6B(b). The accompanying bar
graphs are also presented in Fig. 6B(c) [116].

6. DNA, RNA and protein salivary-based biosensors for oral
cancer

Salivary-based sensors are classified into three major types depend-
ing on their biosensing targets: Biosensors for deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), and protein [123]. DNA-based bio-
sensors utilize the principle of complementary base pairing to attain
enhanced affinity and specificity in their detection mechanisms. The
DNA recognition elements can effectively distinguish between DNA se-
quences, even in the presence of single-base mismatches [124]. In
contrast to proteins, DNA molecules exhibit greater resistance to dena-
turation [125]. DNA-based biosensors are capable of multiplex detection
while achieving a low detection limit [126]. However, the process of
deriving DNA ligands through the SELEX procedure to target analytes is
notably time-consuming. Furthermore, the SELEX process is
labor-intensive, necessitating the involvement of skilled technicians or
experts in the field. One significant challenge that DNA-based biosensors
encounter is the maintenance of aptamer conformation.At present, the
majority of DNA-based biosensors exhibit peak performance only under
particular conditions. The conformation of aptamers can be significantly
affected by a range of physical and chemical factors, resulting in
conformational changes that greatly impact their binding affinity in
practical applications [127]. Identifying and discriminating DNA se-
quences can be time-consuming, associated with low hybridization ef-
ficiency, and challenging. To tackle these challenges, DNA sensors have
been integrated into high-throughput analysis, leading to substantial
reductions in cost, effort, and time. Biosensors, acting as biorecognition
elements when paired with various transduction mechanisms, have
significantly contributed to the rapid advancement of bioanalysis and
related technologies. These characteristics, combined with benefits like
simple manufacturing and low operational costs, make them an attrac-
tive option for non-invasive oral cancer detection using saliva analysis.
This approach offers an efficient solution for early diagnosis in patients
[124,128,129]. Stobiecka et al. conducted a comprehensive study on
advancements in biosensing systems and biosensors aimed at early
cancer detection, specifically targeting the anti-apoptotic protein
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survivin and its messenger RNA (Sur mRNA). They found that Survivin,
a member of the inhibitor of apoptosis proteins (IAP) family, plays a
crucial role in regulating the cell cycle, inhibiting programmed cell
death (apoptosis), and promoting enhanced cellular proliferation. These
functions contribute to uncontrolled cancer growth and metastasis.
Based on their results, biosensors for Sur detection in exosomes and
circulating tumor cells is a promising alternative for cancer screening
[130]. Li et al. developed an electrochemical DNA biosensor that in-
tegrates a target-triggered, entropy-driven, nonenzymatic, and
isothermal amplification approach with nanocomposites made of gold
nanoparticles/zeolitic imidazolate frameworks-8. This innovative
design allows for highly sensitive detection of the oral cancer biomarker
ORAOV 1 in saliva. Fig. 7A illustrates the entropy-driven catalytic (EDC)
amplification mechanism. Specifically, a substrate complex (L/S1/S2) is
assembled through the hybridization of S1, S2, and L. Here, L acts as a
linker with two toehold regions (toehold 1 and toehold 2), while the fuel
strand (F) serves as a complementary molecule to L. Initially, toehold 2
is blocked by S1, preventing the hybridization of F with L. Upon binding
of the target (T) to L, a strand displacement reaction mediated by
toehold 1 occurs, releasing S1 and exposing toehold 2. The exposed
toehold 2 then facilitates the hybridization of L with F, resulting in the
release of S2 and the target molecule (T). The re-released target initiates
subsequent cycles, generating additional S1, which captures numerous
P2-AuNPs@ZIF-8 nanocomposites through a sandwich hybrid structure
involving P1, S1, and P2, thereby producing amplified electrochemical
signals. Leveraging the EDC amplification strategy, combined with the
high electrical conductivity and outstanding electrocatalytic properties
of AuNPs@ZIF-8 nanocomposites, an ultra-sensitive, enzyme-free, and
label-free electrochemical DNA biosensor has been developed. The
biosensor operates effectively across a linear concentration range from
1 fM to 1 nM. It achieves an extraordinarily low limit of detection of 163
aM. The biosensor demonstrates high specificity toward the target
biomarker ORAOV 1 [131]. RNA-based biosensors are particularly im-
pactful due to their ability to detect specific RNA transcripts that
correlate with pathophysiological changes in oral cancer. Electro-
chemical bioplatforms have been developed to detect IL-8 mRNA in raw
saliva, showcasing their rapid assay time and high fidelity in dis-
tinguishing between cancerous and non-cancerous states [31]. The dy-
namic approach of measuring both RNA and protein biomarkers allows
for a more comprehensive understanding of the disease state and pro-
gression [132]. During the carcinogenesis process, tumor-derived ma-
terials are directly released into both the bloodstream and saliva,
leading to the detection of altered microRNA (miRNA) expression in
various malignancies [133,134]. This release of miRNAs into the
bloodstream and saliva can be attributed to both necrotic cell death and
apoptotic, as well as active secretion by living cells [135]. Oral tumors
release various biomarkers, including tumor DNA and miRNAs, into
saliva. These markers can be found either free or encapsulated within
extracellular vesicles like exosomes [136]. Luo and his colleagues were
able to create a ratiometric electrochemical biosensor using a nucleic
acid-assisted strand displacement mechanism. They found that it was
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Fig. 6. A) A conventional saliva-based biosensor is composed of three primary elements: a substrate, which can be either carbon-based or metallic; a biorecognition
element, such as probes, enzymes, or antibodies, engineered to identify specific targets like proteins, nucleic acids, or antibodies; and a transducer that converts the
binding events into measurable signals. The interactions at the molecular level lead to observable changes, either colorimetric or spectrometric, which can be
detected using various technologies. Reprinted with permission from Ref. [115] Copyright © 2020 Elsevier B.V. All rights reserved. License Number:
5897631328854. B) Electrochemical (EC) sensor for the detection of multiple salivary biomarkers (a) The figure shows a collection of electrodes. These electrodes
identify proteins on the right. They also identify mRNA on the left. (b) It presents the amperometric detection of the IL-8 mRNA probe. This includes (1) 5 nM of IL-8
IVT RNA, (2) 5 nM of SI00A8 IVT RNA, and (3) a blank control. It displays the IL-8 protein probe as well. This includes (4) 12.5 ng/ml of IL-8 protein standard, (5)
12.5 ng/ml of IL-1p protein standard, and (6) a blank control. (c) A bar graph illustrates the levels of IL-8 mRNA and IL-8 protein in saliva. It also shows control
Experiments involving S100A8 and IL-1p. The average values and standard deviations are based on three repeated trials. Reprinted with permission from Ref. [116].

possible to achieve a detection limit of 2.3 fM through enhanced
reproducibility for the detection of cancer-associated exosomal miR-21.
Their design featured a Y-like structure activated by the presence of
miR-21 as a target biomarker, with detection confirmed through dif-
ferential pulse voltammetry (DPV) and electrochemical impedance
spectroscopy (EIS) [137]. Oscar Rapado-Gonzalez and colleagues
investigated the potential of cell-free microRNAs as biomarkers for oral
cancer. In their research, it was found that exosomes containing
tumor-derived miRNAs travel to the salivary glands through the
bloodstream, leading to changes in salivary secretion due to tumor in-
vasion (Fig. 7B) [138]. Additionally, protein biomarkers for cancer
detection can measure components believed to signal abnormal bio-
logical processes, disease progression, or responses to treatment in-
terventions [66,124]. Biomarkers are often extracted from biofluids, and
their levels typically reflect disease status. Salivary samples are partic-
ularly valuable for non-invasive screening of oral cancer, as several
tumor markers have been identified in saliva [139,140]. In a separate
study, human saliva was used to develop electrochemical magneto-
biosensors designed for the detection of the protein IL-8 and mRNA [31].
Dong et al. reviewed advances in electrochemical biosensors based on
nanomaterials for protein biomarker detection in saliva. The strategy for
utilizing electrochemical methods to detect protein biomarkers in saliva
is illustrated in Fig. 7C [141].

7. Emerging strategies for early detection of oral cancer

Early detection of oral cancer is pivotal for effective treatment and
improving patient survival rates, leading to substantial research into
innovative diagnostic strategies. Emerging biosensors using saliva have
gained traction as a non-invasive method for identifying oral cancer
biomarkers, allowing for rapid and accurate diagnosis. Saliva is an
accessible biofluid that contains a myriad of molecular markers such as
DNA, RNA, and proteins corresponding to neoplastic changes in oral
tissues. Utilizing salivary biomarkers, researchers can detect alterations
in DNA methylation patterns known to be associated with malignancies,
thus facilitating early diagnosis [142]. Furthermore, advancements in
nanotechnology have revolutionized diagnostics, particularly through
the use of nanomaterials in biosensing platforms. Nanoparticle-based
sensors enhance the sensitivity of biomarkers detection, enabling these
devices to capture low-concentration cancer markers in saliva [143].
Various techniques, such as electrochemical and optical biosensors,
have been developed to leverage these nanomaterials, resulting in
improved analysis of salivary biomarkers with minimal sample prepa-
ration time. For instance, specific DNA sequences can be designed to
hybridize with RNA targets from cancerous cells, enabling precise and
sensitive detection of oral cancers. Additionally, the “Omics” technolo-
gies are changing the landscape of oral cancer diagnosis. These include
genomics, proteomics, and metabolomics. They help detect oral cancer
earlier and more effectively. These technologies enable comprehensive
profiling of the biomolecular landscape of saliva, revealing unique sig-
natures that can differentiate cancerous from non-cancerous states
[144]. Through these approaches, researchers have identified salivary
proteins such as matrix metalloproteinases (MMPs) and interleukins that
serve as potential biomarkers for early-stage oral cancers [145].
Personalized medicine is also becoming integral to early detection
strategies, as these omics approaches facilitate tailored treatment plans
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based on individual molecular profiles. Integrating artificial intelligence
(AI) into diagnostic practices represents another frontier in the early
detection of oral cancer. Machine learning algorithms can analyze vast
datasets from imaging, biosensor outputs, and biomarker profiles,
allowing for the identification of cancerous lesions that are not always
evident during visual examinations [146]. Advanced imaging technol-
ogies, such as narrow-band imaging (NBI) and fluorescence-based
techniques, complement these developments by enhancing visualiza-
tion of oral mucosa and improving detection rates of dysplastic lesions
[147]. The combination of these imaging techniques with biomarker
analysis can yield a multi-modal approach that significantly increases
the accuracy of early diagnosis [148]. Moreover, mobile health appli-
cations that enable remote monitoring of salivary biomarkers are
beginning to emerge. These applications focus on real-time data
collection and analysis, empowering patients and healthcare providers
to track potential indicators of oral cancer more proactively [149].

8. Integration of biosensors in clinical practice for oral cancer

The integration of biosensors in clinical practice for oral cancer
diagnosis signifies a pivotal advancement in the realm of early detection
and personalized medicine. Biosensors, particularly those utilizing
saliva as a diagnostic medium, offer a non-invasive alternative to
traditional tissue biopsies, facilitating easier and more frequent
screening of at-risk populations [150]. The ability to detect specific
biomarkers associated with oral cancer, such as tumor necrosis factor-o
(TNF-a), through saliva greatly enhances the potential for early diag-
nosis, which is critical given the often-asymptomatic nature of the dis-
ease in its initial stages. Recent developments have led to the creation of
highly sensitive electrochemical immunosensors that leverage advanced
materials, like reduced graphene oxide hydrogels, to achieve low limits
of detection and high specificity even in complex biological fluids [151].
These innovations promise rapid results and can be easily implemented
in clinical settings, increasing the likelihood of routine screening and
continuous patient monitoring. Moreover, the concept of point-of-care
testing is becoming increasingly feasible with biosensor technology,
allowing healthcare providers to perform tests at the patient’s location,
thereby reducing the time between sample collection and diagnosis. The
integration of these technologies is further supported by the rise of
personalized medicine, where diagnostic approaches can be tailored
based on individual biomarker profiles, enhancing treatment outcomes
[152]. However, challenges remain, including the need for regulatory
approvals and standardization of testing protocols to ensure reliability
across varied clinical environments. Addressing these challenges will be
crucial for the widespread adoption of biosensors in oral cancer di-
agnostics. The advancement of biosensor technologies is poised to
revolutionize clinical applications, particularly in the realm of oral
cancer. By facilitating earlier detection and better management strate-
gies, these innovations are likely to lead to improved outcomes for pa-
tients suffering from this disease [150]. Table 6 shows a specific case
study or clinical trial results of the practical application of biosensors in
oral cancer with actual sensitivity and specificity values of patient
samples.
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Fig. 7. A) working principle of electrochemical DNA biosensor for detection of ORAOV 1 based on target-triggered and entropy-driven catalytic amplification
strategy integrated with AuNPs@ZIF-8 nanocomposites Reprinted with permission from Ref. [131] Copyright © 2024 Elsevier B.V. All rights reserved. License
Number: 5897640936463. B) A diagrammatic representation showing how cell-free miRNAs are released into the blood and saliva as a result of oral cancer (cfRNA,
cell-free RNA) Reprinted with permission from Ref. [138]. C) Illustration of electrochemical detection of protein biomarkers in saliva by the nanomaterial-based

biosensor Reprinted with permission from Ref. [141].

Table 6

Specific case study or clinical trial results of practical application of biosensors in oral cancer.
Type of diagnosis Case study Sample Biomarker Sensitivity Specificity Ref.
Oral cancer 34 Saliva 100 % 89 % [153]
Oral squamous cell carcinoma 43 Saliva P16INK4A/RASSF1A 53.5% 87.5 % [154]
Periodontitis 41 Saliva miR-155 97.14 % 78 % [155]

miR-146a 88.57 % 58.54 %

Periodontal 45 Saliva Matrix metalloproteinase-8 (MMP-8) 88.6 % 75 % [156]
Periodontitis 27 Second rinse Active Metalloproteinase-8 85.2 % 100 % [157]

9. Future perspectives and opportunities

Future perspectives on oral cancer bioassays hold considerable
promise, with technological advances offering new ways to improve
early detection, diagnosis, and monitoring. Biosensors, which leverage
biological molecules for detecting cancer biomarkers in saliva, blood, or
tissues, present a non-invasive and cost-effective tool for oral cancer
management. Future perspectives focus on enhancing sensitivity and
specificity, enabling detection of cancer at the earliest stages when
treatment outcomes are most favorable. Nanotechnology, electro-
chemical biosensors, and bioinformatics-driven sensors are key areas
poised for rapid development. These technologies can potentially inte-
grate with portable devices or point-of-care diagnostics, expanding
accessibility to underserved populations and reducing healthcare dis-
parities. However, one of the major challenges is the inherent
complexity and heterogeneity of oral cancers, which complicates the
identification of universal biomarkers for effective screening. Addi-
tionally, traditional diagnostic techniques often lack the sensitivity
required to detect early-stage cancers, leading to delayed treatments and
poorer prognoses for patients. Socioeconomic factors further hinder
access to advanced biosensing technologies, particularly in underserved
populations, creating disparities in early detection rates. However, ad-
vancements in nanotechnology and biosensing platforms present sig-
nificant opportunities for innovation. The development of highly
sensitive, nanoparticle-based biosensors can enable non-invasive
detection of cancer biomarkers from saliva, which not only enhances
accuracy but also improves patient compliance with screening protocols.
Furthermore, integrating artificial intelligence into biosensing technol-
ogies can facilitate better data analysis, leading to improved identifi-
cation of subtle abnormalities that may indicate malignancies. This
integration of Al can also personalize diagnostic approaches, tailoring
them to individual patient profiles based on specific biomarker signa-
tures. Additionally, as the field moves towards point-of-care diagnostics,
making these technologies more accessible and user-friendly can further
bridge the gap in health disparities. The confluence of these evolving
technologies and approaches promises to not only address the current
challenges but also to foster a future where early detection of oral cancer
becomes significantly more effective, ultimately enhancing survival
rates and improving patient outcomes overall.

10. Conclusion

Nanomaterials-based biosensors have become a valuable asset for
the early detection and diagnosis of oral cancer, owing to their improved
sensitivity, specificity, and fast response times. The distinctive physi-
cochemical properties of nanomaterials, including high surface-to-
volume ratios, adjustable electrical and optical traits, and the capacity
to conjugate with biomolecules, render them exceptionally well-suited
for biosensing applications. These biosensors can detect a range of
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biomarkers associated with oral cancer, including nucleic acids, pro-
teins, and metabolites, at very low concentrations, offering potential for
early diagnosis when treatment is most effective. Various types of
nanomaterials, such as gold nanoparticles, carbon nanotubes, graphene,
and quantum dots, have been integrated into biosensors to enhance their
performance. Nanomaterial-based biosensors can be engineered to
operate using various mechanisms, including electrochemical, optical,
or piezoelectric methods. Each of these mechanisms provides distinct
advantages regarding sensitivity and ease of operation. Additionally,
these biosensors facilitate point-of-care diagnostics, a vital feature in
resource-limited environments where access to advanced medical fa-
cilities is often constrained. Despite the significant progress, challenges
remain in translating these biosensors from the laboratory to clinical
practice. Issues such as large-scale fabrication, stability, reproducibility,
and regulatory approval need to be addressed. Additionally, more
research is required to validate their efficacy in real-world settings,
ensuring their accuracy in diverse patient populations and different
stages of oral cancer. In conclusion, nanomaterials-based biosensors
hold great potential for revolutionizing oral cancer detection and
monitoring. Their ability to provide rapid, sensitive, and non-invasive
diagnosis offers a promising path toward improving patient outcomes
through early intervention, personalized treatment, and better disease
management.

CRediT authorship contribution statement

Yasamin Ghahramani: Writing — original draft, Methodology,
Investigation, Formal analysis, Data curation. Seyedeh Sara Tabibi:
Data curation, Formal analysis, Investigation, Methodology, Writing —
review & editing. Mohammad Mizanur Rahman Khan: Formal anal-
ysis, Investigation, Methodology, Resources, Writing — review & editing.
Alireza Asadi: Writing — review & editing, Software, Resources, Inves-
tigation, Formal analysis. Elaheh Mohammadi: Writing — review &
editing, Resources, Methodology, Investigation, Formal analysis. Ehsan
Khaksar: Writing — review & editing, Software, Resources, Methodol-
ogy, Investigation. Erfan Khaksar: Writing — review & editing, Soft-
ware, Resources, Methodology, Investigation. Masoomeh Yari
Kalashgrani: Writing — review & editing, Resources, Methodology,
Investigation, Formal analysis. Mohammed M. Rahman: Writing —
review & editing, Supervision, Methodology, Investigation, Conceptu-
alization. Wei-Hung Chiang: Writing — review & editing, Visualization,
Supervision, Methodology, Investigation, Conceptualization. Seyyed
Mojtaba Mousavi: Writing — review & editing, Methodology, Investi-
gation, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence



Y. Ghahramani et al.

the work reported in this paper.

Data availability

Data will be made available on request.

References

[1]
[2]
[3]
[4]

[5]

(6]
[71

[8]
[91
[10]
[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]

[22]
[23]

[24]

[25]

[26]
[27]
[28]

[29]

[30]

[31]

[32]

P. Chaturvedi, et al., Tobacco related oral cancer, BMJ (2019) 365.

A. Pearce, et al., Productivity losses due to premature mortality from cancer in
Brazil, Russia, India, China, and South Africa (BRICS): a population-based
comparison, Cancer Epidemiol. 53 (2018) 27-34.

T. Tanaka, R. Ishigamori, Understanding carcinogenesis for fighting oral cancer,
J. Oncol. 2011 (1) (2011) 603740.

P.H. Montero, S.G. Patel, Cancer of the oral cavity, Surg. Oncol. Clin. 24 (3)
(2015) 491-508.

K. Pollaers, et al., AJCC 8th Edition oral cavity squamous cell carcinoma
staging-Is it an improvement on the AJCC 7th Edition? Oral Oncol. 82 (2018)
23-28.

A.M. Balasubramaniam, et al., Autofluorescence based diagnostic techniques for
oral cancer, J. Pharm. BioAllied Sci. 7 (Suppl 2) (2015) S374-S377.

P. Kammerer, et al., A chemiluminescent light system in combination with
toluidine blue to assess suspicious oral lesions—clinical evaluation and review of
the literature, Clin. Oral Invest. 19 (2015) 459-466.

L. Haoran, et al., Biomaterials in Translational Medicine, Elsevier Science,
Amsterdam, The Netherlands, 2019.

A. Turner, 1. Karube, G.S. Wilson, Biosensors: Fundamentals and Applications,
Oxford university press, 1987.

U. Kokbas, L. Kaynn, A. Tuli, Biosensors and their medical applications, Arch Med
Rev J 23 (2013) 499-513.

Jr L.C. Clark, C. Lyons, Electrode systems for continuous monitoring in
cardiovascular surgery, Ann. N. Y. Acad. Sci. 102 (1) (1962) 29-45.

S.M. Mousavi, et al., The pivotal role of quantum dots-based biomarkers
integrated with ultra-sensitive probes for multiplex detection of human viral
infections, Pharmaceuticals 15 (7) (2022) 880.

B. Bohunicky, S.A. Mousa, Biosensors: the new wave in cancer diagnosis,
Nanotechnol. Sci. Appl. (2010) 1-10.

V. Perumal, U. Hashim, Advances in biosensors: principle, architecture and
applications, J. Appl. Biomed. 12 (1) (2014) 1-15.

S. Sowmya, D. Augustine, S. Prabhu, Nanomaterials-based Bioanalytical sensors
for the detection of oral cancer biomarkers, J. Contemp. Dent. Pract. 24 (2)
(2023) 69-70.

H. Bhardwaj, et al., Recent advancement in the detection of potential cancer
biomarkers using the nanomaterial integrated electrochemical sensing technique:
a detailed review, Mater. Advan. (2024).

E. Daweshar, R. Mewada, S. Kumar, A comprehensive review on quantification of
various biomarkers for the detection of oral carcinoma via electrochemical
biosensors, Microchem. J. (2024) 111741.

A. Kumar, P. Maiti, Based sustainable biosensors, Mater. Advan. (2024).

M.H. Hooshiar, et al., Recent advances in nanomaterial-based biosensor for
periodontitis detection, J. Biol. Eng. 18 (1) (2024) 28.

P. Bhattarai, S. Hameed, Basics of biosensors and nanobiosensors, in:
Nanobiosensors: From Design to Applications, 2020.

R. Agnihotri, S. Gaur, S. Albin, Nanometals in dentistry: applications and
toxicological implications—a systematic review, Biol. Trace Elem. Res. 197 (1)
(2020) 70-88.

N. Shah, et al., Nano-biosensors for biochemical analysis, in: Nanobioanalytical
Approaches to Medical Diagnostics, Elsevier, 2022, pp. 319-343.

N.K. Bakirhan, et al., Current advances in electrochemical biosensors and
nanobiosensors, Crit. Rev. Anal. Chem. 52 (3) (2022) 519-534.

N. Mercado, et al., Application of nanoparticles in treating periodontitis:
preclinical and clinical overview, in: Surface modification of nanoparticles for
targeted drug delivery, 2019, pp. 467-480.

L.N. Thwala, et al., Nanotechnology-based diagnostics for diseases prevalent in
developing countries: current advances in point-of-care tests, Nanomaterials 13
(7) (2023) 1247.

Y.-T. Lin, et al., A review: electrochemical biosensors for oral cancer,
Chemosensors 8 (3) (2020) 54.

S.A. Soper, et al., Point-of-care biosensor systems for cancer diagnostics/
prognostics, Biosens. Bioelectron. 21 (10) (2006) 1932-1942.

J. Wang, Electrochemical biosensors: towards point-of-care cancer diagnostics,
Biosens. Bioelectron. 21 (10) (2006) 1887-1892.

S. Chaitra, et al., SPR based biosensor for the detection of abnormal growth of
tissues, in: 2017 International Conference on Nextgen Electronic Technologies:
Silicon to Software (ICNETS2), IEEE, 2017.

M.T. Islam, M.A. Uddin, Biosensors, the emerging tools in the identification and
detection of cancer markers, J. Gynecol. Women'’s Health 5 (4) (2017) 555667.
R.M. Torrente-Rodriguez, et al., Electrochemical bioplatforms for the
simultaneous determination of interleukin (IL)-8 mRNA and IL-8 protein oral
cancer biomarkers in raw saliva, Biosens. Bioelectron. 77 (2016) 543-548.

C.K. Song, et al., Fluorescence-based immunosensor using three-dimensional CNT
network structure for sensitive and reproducible detection of oral squamous cell
carcinoma biomarker, Anal. Chim. Acta 1027 (2018) 101-108.

15

[33]

[34]

[35]

[36]

[37]

[38]

[391]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[501

[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]
[63]

[64]

[65]

Talanta 286 (2025) 127494

Y. Wang, et al., Rhodol-derived turn-on fluorescent chemosensor for
ultrasensitive detection of nitroreductase activity in bacteria and bioimaging in
oral cancer cells, Spectrochim. Acta Mol. Biomol. Spectrosc. 270 (2022) 120836.
S. Sharma, et al., Tungsten oxide thin film field-effect transistor based real-time
sensing system for non-invasive oral cancer biomarker detection, Sensor.
Actuator. B Chem. 407 (2024) 135486.

Y. Wang, et al., Sensitive SERS detection of oral squamous cell carcinoma-related
miRNAs in saliva via a gold nanohexagon array coupled with hybridization chain
reaction amplification, Anal. Methods 14 (44) (2022) 4563-4575.

N. Pachauri, et al., Silver molybdate nanoparticles based immunosensor for the
non-invasive detection of Interleukin-8 biomarker, Mater. Sci. Eng. C 113 (2020)
110911.

P. Gulati, et al., Nano-modified screen-printed electrode-based electrochemical
immunosensors for oral cancer biomarker detection in undiluted human serum
and saliva samples, Nanoscale Adv. 6 (2) (2024) 705-721.

E.B. Aydin, M.K. Sezgintiirk, Ultrasensitive detection of interleukin la using 3-
phosphonopropionic acid modified FTO surface as an effective platform for
disposable biosensor fabrication, Bioelectrochemistry 138 (2021) 107698.

Y. Cheng, et al., A novel signal-on photoelectrochemical immunosensor based on
anthocyanin-sensitized poly (indole-5-carboxylic acid) for ultrasensitive
detection of CEA, Sensor. Actuator. B Chem. (2024) 136681.

F. Mo, et al., A DNA rolling motor for photoelectrochemical biosensing of oral
cancer overexpressed 1, Sensor. Actuator. B Chem. 309 (2020) 127824.

M. Liu, et al., Disposable solar microcell array-based addressable
photoelectrochemical sensor for high-throughput and multiplexed analysis of
salivary metabolites, Biosens. Bioelectron. 232 (2023) 115312.

S. Kumar, et al., Microfluidic-integrated biosensors: prospects for point-of-care
diagnostics, Biotechnol. J. 8 (11) (2013) 1267-1279.

S. Kumar, et al., Biofunctionalized nanostructured zirconia for biomedical
application: a smart approach for oral cancer detection, Adv. Sci. 2 (8) (2015)
1500048.

S. Kumar, et al., Reduced graphene oxide modified smart conducting paper for
cancer biosensor, Biosens. Bioelectron. 73 (2015) 114-122.

S.M. Mousavi, et al., Biomedical applications of an ultra-sensitive surface plasmon
resonance biosensor based on smart MXene quantum dots (SMQDs), Biosensors
12 (9) (2022) 743.

N. Baig, I. Kammakakam, W. Falath, Nanomaterials: a review of synthesis
methods, properties, recent progress, and challenges, Mater. Advan. 2 (6) (2021)
1821-1871.

S. Shankar, et al., Nanodot zirconium trisulfide modified conducting thread: a
smart substrate for fabrication of next generation biosensor, Biosens. Bioelectron.
242 (2023) 115722.

S. Shankar, et al., Disposable Zirconium trisulfide-Reduced graphene oxide
modified conducting thread based electrochemical biosensor for lung cancer
diagnosis, Bioelectrochemistry 160 (2024) 108801.

J.A.AN. Tech, Nano Protein and Peptides for Drug Delivery and Anticancer
Agents, 2022.

P.R. Solanki, et al., Nanostructured metal oxide-based biosensors, NPG Asia
Mater. 3 (1) (2011) 17-24.

S. Kumar, A. Kalkal, Electrochemical detection: cyclic voltammetry/differential
pulse voltammetry/impedance spectroscopy, in: Nanotechnology in Cancer
Management, Elsevier, 2021, pp. 43-71.

L. Li, et al., A review of nanomaterials for biosensing applications, J. Mater.
Chem. B 12 (5) (2024) 1168-1193.

C.K. Huang, et al., ENO1 and cancer, Mol. Therap. Oncol. 24 (2022) 288-298.
T.T.H. Nguyen, et al., Salivary biomarkers in oral squamous cell carcinoma,

J. Korean Associat. Oral Maxillofac. Surg. 46 (5) (2020) 301-312.

T. Sasahira, et al., Searching for new molecular targets for oral squamous cell
carcinoma with a view to clinical implementation of precision medicine,

J. Personalized Med. 12 (3) (2022) 413.

M.H. Akmal, et al., Recent advances in synergistic use of GQD-based hydrogels for
bioimaging and drug delivery in cancer treatment, J. Mater. Chem. B (2024).
M. Choudhary, et al., CD 59 targeted ultrasensitive electrochemical
immunosensor for fast and noninvasive diagnosis of oral cancer, Electroanalysis
28 (10) (2016) 2565-2574.

B.S. Munge, et al., Nanostructured immunosensor for attomolar detection of
cancer biomarker interleukin-8 using massively labeled superparamagnetic
particles, Angew. Chem. 50 (34) (2011) 7915.

J. Singhal, et al., Recent advances in nano-bio-sensing fabrication technology for
the detection of oral cancer, Mol. Biotechnol. 63 (5) (2021) 339-362.

Y. Li, et al., Opal photonic crystal-enhanced upconversion turn-off fluorescent
immunoassay for salivary CEA with oral cancer, Talanta 258 (2023) 124435.
J.Y. Teow, et al., Pioneering biosensor approaches for oral squamous cell
carcinoma diagnosis: a comprehensive review, Process Biochem. 141 (2024)
71-81.

V. Galstyan, et al., Recent advances in self-powered electrochemical biosensors
for early diagnosis of diseases, Advan. Mater. Technol. (2024) 2400395.

V. Sanko, F. Kuralay, Label-free electrochemical biosensor platforms for cancer
diagnosis: recent achievements and challenges, Biosensors 13 (3) (2023) 333.
X. Hu, et al., Cu 24-doped zeolitic imidazolate frameworks and gold nanoparticle
(AuNPs@ ZIF-8/Cu) nanocomposites enable label-free and highly sensitive
electrochemical detection of oral cancer-related biomarkers, Anal. Methods 16
(4) (2024) 615-623.

S. Verma, et al., Anti-IL8/AuNPs-rGO/ITO as an immunosensing platform for
noninvasive electrochemical detection of oral cancer, ACS Appl. Mater. Interfaces
9 (33) (2017) 27462-27474.


http://refhub.elsevier.com/S0039-9140(24)01876-9/sref1
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref2
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref2
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref2
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref3
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref3
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref4
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref4
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref5
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref5
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref5
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref6
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref6
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref7
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref7
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref7
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref8
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref8
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref9
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref9
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref10
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref10
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref11
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref11
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref12
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref12
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref12
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref13
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref13
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref14
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref14
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref15
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref15
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref15
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref16
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref16
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref16
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref17
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref17
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref17
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref18
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref19
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref19
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref20
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref20
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref21
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref21
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref21
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref22
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref22
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref23
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref23
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref24
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref24
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref24
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref25
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref25
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref25
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref26
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref26
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref27
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref27
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref28
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref28
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref29
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref29
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref29
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref30
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref30
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref31
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref31
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref31
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref32
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref32
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref32
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref33
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref33
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref33
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref34
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref34
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref34
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref35
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref35
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref35
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref36
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref36
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref36
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref37
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref37
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref37
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref38
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref38
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref38
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref39
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref39
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref39
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref40
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref40
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref41
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref41
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref41
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref42
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref42
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref43
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref43
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref43
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref44
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref44
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref45
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref45
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref45
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref46
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref46
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref46
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref47
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref47
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref47
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref48
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref48
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref48
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref49
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref49
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref50
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref50
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref51
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref51
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref51
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref52
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref52
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref53
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref54
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref54
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref55
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref55
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref55
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref56
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref56
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref57
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref57
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref57
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref58
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref58
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref58
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref59
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref59
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref60
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref60
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref61
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref61
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref61
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref62
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref62
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref63
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref63
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref64
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref64
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref64
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref64
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref65
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref65
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref65

Y. Ghahramani et al.

[66]

[67]

[68]

[69]

[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]
[95]

[96]

[97]

[98]

R. Malhotra, et al., Ultrasensitive electrochemical immunosensor for oral cancer
biomarker IL-6 using carbon nanotube forest electrodes and multilabel
amplification, Anal. Chem. 82 (8) (2010) 3118-3123.

E. Sanchez-Tirado, et al., Electrochemical immunosensor for simultaneous
determination of interleukin-1 beta and tumor necrosis factor alpha in serum and
saliva using dual screen printed electrodes modified with functionalized
double-walled carbon nanotubes, Anal. Chim. Acta 959 (2017) 66-73.

J. Xu, et al., Facile incorporation of DNA-templated quantum dots for sensitive
electrochemical detection of the oral cancer biomarker interleukin-8, Anal.
Bioanal. Chem. 412 (2020) 2599-2606.

N. Atar, M.L. Yola, A novel QCM immunosensor development based on gold
nanoparticles functionalized sulfur-doped graphene quantum dot and h-ZnS-CdS
NC for Interleukin-6 detection, Anal. Chim. Acta 1148 (2021) 338202.

A.J. Bandodkar, J. Wang, Non-invasive wearable electrochemical sensors: a
review, Trends Biotechnol. 32 (7) (2014) 363-371.

J. Tu, et al., The era of digital health: a review of portable and wearable affinity
biosensors, Adv. Funct. Mater. 30 (29) (2020) 1906713.

A.J. Bandodkar, W. Jia, J. Wang, Tattoo-based wearable electrochemical devices:
a review, Electroanalysis 27 (3) (2015) 562-572.

T. Radhika, et al., Salivary biomarkers in oral squamous cell carcinoma-An
insight, J. Oral Biol. Craniofac. Res. 6 (2016) S51-S54.

R. Kour, et al., Recent advances in carbon nanomaterials as electrochemical
biosensors, J. Electrochem. Soc. 167 (3) (2020) 037555.

S. Zhou, et al., Wearable electrochemical sensors for plant small-molecule
detection, Trends Plant Sci. (2024).

J. Zhou, et al., Implantable electrochemical microsensors for in vivo monitoring
of animal physiological information, Nano-Micro Lett. 16 (1) (2024) 49.

Y. Yao, et al., Flexible and stretchable organic electrochemical transistors for
physiological sensing devices, Adv. Mater. 35 (35) (2023) 2209906.

A.H. Kamel, et al., Current perspectives, challenges, and future directions in the
electrochemical detection of microplastics, RSC Adv. 14 (3) (2024) 2134-2158.
X. Li, et al., Electrochemical sensors for analyte in saliva: recent update, Sens.
Rev. 44 (1) (2024) 35-67.

T. Kokulnathan, et al., Synergism of holmium orthovanadate/phosphorus-doped
carbon nitride nanocomposite: nonenzymatic electrochemical detection of
hydrogen peroxide, Inorg. Chem. 63 (6) (2024) 3019-3027.

C. Liu, et al., Advances in electrochemical biosensors for the detection of common
oral diseases, Crit. Rev. Anal. Chem. (2024) 1-21.

1. Dimitrievska, P. Paunovi¢, A. Grozdanov, Polymer-modified screen-printed
electrode-based electrochemical sensors for doxorubicin detection: original
scientific paper, J. Electrochem. Sci. Eng. (2024).

S. Centane, et al., Electrochemical detection of human epidermal growth factor
receptor 2 using an aptamer on cobalt phthalocyanines—Cerium oxide
nanoparticle conjugate, Bioelectrochemistry 146 (2022) 108146.

J. Liu, et al., Electrochemical biosensors based on saliva electrolytes for rapid
detection and diagnosis, J. Mater. Chem. B 11 (1) (2023) 33-54.

H. Meskher, et al., A magnetite composite of molecularly imprinted polymer and
reduced graphene oxide for sensitive and selective electrochemical detection of
catechol in water and milk samples: an artificial neural network (ANN)
application, J. Electrochem. Soc. 170 (4) (2023) 047502.

S.N. Eshlaghi, et al., A label-free electrochemical aptasensor based on screen
printed carbon electrodes with gold nanoparticles-polypyrrole composite for
detection of cardiac troponin I, IEEE Sensor. J. 23 (4) (2023) 3439-3445.

L.-H. Cho, D.H. Kim, S. Park, Electrochemical biosensors: perspective on
functional nanomaterials for on-site analysis, Biomater. Res. 24 (1) (2020) 6.

S. Guerrero, et al., Design of electrochemical immunosensors using electro-click
chemistry. Application to the detection of IL-1f cytokine in saliva,
Bioelectrochemistry 133 (2020) 107484.

M. Jafari, M. Hasanzadeh, Non-invasive bioassay of Cytokeratin Fragment 21.1
(Cyfra 21.1) protein in human saliva samples using immunoreaction method: an
efficient platform for early-stage diagnosis of oral cancer based on biomedicine,
Biomed. Pharmacother. 131 (2020) 110671.

C. Munoz-San Martin, et al., Magnetic beads-based electrochemical
immunosensing of HIF-1a, a biomarker of tumoral hypoxia, Sensor. Actuator. B
Chem. 307 (2020) 127623.

G. Siciliano, et al., Development of an MIP based electrochemical sensor for TGF-
f1 detection and its application in liquid biopsy, Analyst 148 (18) (2023)
4447-4455.

C. Vetrivel, et al., MoS2-ZnO nanocomposite mediated immunosensor for non-
invasive electrochemical detection of IL8 oral tumor biomarker, Diagnostics 13
(8) (2023) 1464.

D. Verma, et al., An ultrasensitive electrochemical immunosensor comprising
green synthesized a-Fe 2 O 3 NPs_rGO nanocomposite for determination of oral
cancer, [EEE Sensors Letters (2023).

S. Sri, et al., MoS2 nanoflower based electrochemical biosensor for TNF alpha
detection in cancer patients, Electrochim. Acta 405 (2022) 139736.

Y.-T. Chen, et al., Review of integrated optical biosensors for point-of-care
applications, Biosensors 10 (12) (2020) 209.

R. Bounik, et al., Integration of discrete sensors and microelectrode arrays into
open microfluidic hanging-drop networks, in: 2019 IEEE 32nd International
Conference on Micro Electro Mechanical Systems (MEMS), IEEE, 2019.

S. Wen, et al., Plasmon coupling-enhanced Raman sensing platform integrated
with exonuclease-assisted target recycling amplification for ultrasensitive and
selective detection of microRNA-21, Anal. Chem. 91 (19) (2019) 12298-12306.
S. Kumar, R. Singh, Recent optical sensing technologies for the detection of
various biomolecules, Opt Laser. Technol. 134 (2021) 106620.

16

[991]

[100]

[101]

[102]

[103]

[104]

[105]
[106]
[107]
[108]
[109]

[110]

[111]

[112]

[113]
[114]
[115]
[116]

[117]

[118]

[119]

[120]

[121]

[122]
[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Talanta 286 (2025) 127494

B. Kaur, S. Kumar, B.K. Kaushik, Recent advancements in optical biosensors for
cancer detection, Biosens. Bioelectron. 197 (2022) 113805.

Y. Liu, et al., Plasmonic Ag nanocube enhanced SERS biosensor for sensitive
detection of oral cancer DNA based on nicking endonuclease signal amplification
and heated electrode, Sensor. Actuator. B Chem. 338 (2021) 129854.

M. Wu, et al., One-step quantification of salivary exosomes based on combined
aptamer recognition and quantum dot signal amplification, Biosens. Bioelectron.
171 (2021) 112733.

D. Bencivenga, et al., Plasmonic optical fiber biosensor development for point-of-
care detection of malondialdehyde as a biomarker of oxidative stress, Free Radic.
Biol. Med. 199 (2023) 177-188.

G. Rashidova, et al., Functionalized optical fiber ball-shaped biosensor for label-
free, low-limit detection of IL-8 protein, Biomed. Opt Express 15 (1) (2023)
185-198.

W. Li, et al., A lateral flow strip biosensor platform based on cascade nucleic acid
amplification technology for ultrasensitive detection of OSCC-associated salivary
MicroRNA, Anal. Chim. Acta 1221 (2022) 340112.

M. Annunziata, et al., A novel plasmonic optical-fiber-based point-of-care test for
periodontal MIP-1a detection, iScience 26 (12) (2023).

H.S. AlMoharib, et al., Oral fluid based biomarkers in periodontal disease: part 1.
Saliva, J. Int. Oral Health: JIOH 6 (4) (2014) 95.

R. AlRowis, et al., Oral fluid-based biomarkers in periodontal disease-Part 2.
Gingival crevicular fluid, J. Int. Oral Health: JIOH 6 (5) (2014) 126.

N. Rathnayake, et al., Salivary biomarkers for detection of systemic diseases, PLoS
One 8 (4) (2013) e61356.

C. Paluszkiewicz, et al., Saliva as a first-line diagnostic tool: a spectral challenge
for identification of cancer biomarkers, J. Mol. Liq. 307 (2020) 112961.

M.A.S. John, et al., Interleukin 6 and interleukin 8 as potential biomarkers for
oral cavity and oropharyngeal squamous cell carcinoma, Arch. Otolaryngol. Head
Neck Surg. 130 (8) (2004) 929-935.

W. Tan, et al., Optical protein sensor for detecting cancer markers in saliva,
Biosens. Bioelectron. 24 (2) (2008) 266-271.

D.T. Wong, Towards a simple, saliva-based test for the detection of oral cancer.
‘Oral fluid (saliva), which is the mirror of the body, is a perfect medium to be
explored for health and disease surveillance.’, Expert Rev. Mol. Diagn. 6 (3)
(2006) 267-272.

Y.-J. Jou, et al., Proteomic identification of salivary transferrin as a biomarker for
early detection of oral cancer, Anal. Chim. Acta 681 (1-2) (2010) 41-48.

J.A. Pereira, et al., Unravelling the potential of salivary volatile metabolites in
oral diseases. A Review, Molecules 25 (13) (2020) 3098.

R. Goldoni, et al., Recent advances in graphene-based nanobiosensors for salivary
biomarker detection, Biosens. Bioelectron. 171 (2021) 112723.

F. Wei, et al., Electrochemical sensor for multiplex biomarkers detection, Clin.
Cancer Res. 15 (13) (2009) 4446-4452.

J.M. Goodson, P. Shi, M.S. Razzaque, Dietary phosphorus enhances inflammatory
response: a study of human gingivitis, J. Steroid Biochem. Mol. Biol. 188 (2019)
166-171.

S. Parihar, et al., Comparative evaluation of salivary, serum, and GCF alkaline
phosphatase levels in chronic periodontitis patients before and after nonsurgical
periodontal therapy: a clinico-biochemical study, Natl. J. Maxillofac. Surg. 15 (2)
(2024) 262-267.

Y. Ning, et al., Hypoxia-inducible factor 1a contributes to matrix
metalloproteinases 2/9 and inflammatory responses in periodontitis, Cell
Biochem. Biophys. (2024) 1-8.

H. Algaderi, et al., Late bedtime and dental caries incidence in Kuwaiti children: a
longitudinal multilevel analysis, Community Dent. Oral Epidemiol. 48 (3) (2020)
181-187.

E.T. de-Sousa, A.T. Lima-Holanda, M. Nobre-dos-Santos, Carbonic anhydrase VI
activity in saliva and biofilm can predict early childhood caries: a preliminary
study, Int. J. Paediatr. Dent. 31 (3) (2021) 361-371.

C. Rinderknecht, et al., Associations between salivary cytokines and oral health,
age, and sex in healthy children, Sci. Rep. 12 (1) (2022) 15991.

Y. Dinesh, P. Ramani, K. Ramalingam, Exosomes and paper-based biosensors for
early oral cancer screening, J. Pharm. Negat. Results (2022) 264-271.

Y. Tan, et al., Ultraselective homogeneous electrochemical biosensor for DNA
species related to oral cancer based on nicking endonuclease assisted target
recycling amplification, Anal. Chem. 87 (18) (2015) 9204-9208.

R. Peltomaa, et al., Phage display in the quest for new selective recognition
elements for biosensors, ACS Omega 4 (7) (2019) 11569-11580.

R.-N. Ma, et al., Highly sensitive ratiometric electrochemical DNA biosensor
based on homogeneous exonuclease IlI-assisted target recycling amplification and
one-step triggered dual-signal output, Sensor. Actuator. B Chem. 269 (2018)
173-179.

Y. Ning, J. Hu, F. Lu, Aptamers used for biosensors and targeted therapy, Biomed.
Pharmacother. 132 (2020) 110902.

H. Ilkhani, et al., Electrochemical aptamer/antibody based sandwich
immunosensor for the detection of EGFR, a cancer biomarker, using gold
nanoparticles as a signaling probe, Biosens. Bioelectron. 74 (2015) 491-497.

F. Riedel, et al., Serum levels of interleukin-6 in patients with primary head and
neck squamous cell carcinoma, Anticancer Res. 25 (4) (2005) 2761-2765.

M. Stobiecka, K. Ratajczak, S. Jakiela, Toward early cancer detection: focus on
biosensing systems and biosensors for an anti-apoptotic protein survivin and
survivin mRNA, Biosens. Bioelectron. 137 (2019) 58-71.

J. Li, et al., An attomolar-level electrochemical DNA biosensor based on target-
triggered and entropy-driven catalytic amplification integrated with AuNPs@


http://refhub.elsevier.com/S0039-9140(24)01876-9/sref66
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref66
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref66
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref67
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref67
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref67
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref67
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref68
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref68
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref68
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref69
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref69
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref69
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref70
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref70
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref71
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref71
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref72
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref72
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref73
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref73
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref74
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref74
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref75
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref75
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref76
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref76
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref77
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref77
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref78
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref78
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref79
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref79
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref80
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref80
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref80
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref81
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref81
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref82
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref82
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref82
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref83
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref83
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref83
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref84
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref84
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref85
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref85
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref85
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref85
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref86
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref86
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref86
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref87
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref87
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref88
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref88
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref88
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref89
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref89
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref89
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref89
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref90
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref90
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref90
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref91
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref91
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref91
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref92
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref92
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref92
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref93
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref93
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref93
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref94
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref94
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref95
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref95
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref96
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref96
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref96
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref97
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref97
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref97
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref98
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref98
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref99
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref99
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref100
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref100
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref100
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref101
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref101
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref101
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref102
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref102
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref102
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref103
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref103
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref103
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref104
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref104
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref104
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref105
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref105
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref106
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref106
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref107
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref107
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref108
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref108
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref109
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref109
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref110
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref110
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref110
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref111
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref111
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref112
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref112
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref112
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref112
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref113
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref113
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref114
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref114
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref115
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref115
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref116
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref116
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref117
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref117
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref117
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref118
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref118
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref118
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref118
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref119
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref119
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref119
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref120
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref120
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref120
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref121
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref121
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref121
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref122
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref122
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref123
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref123
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref124
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref124
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref124
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref125
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref125
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref126
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref126
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref126
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref126
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref127
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref127
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref128
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref128
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref128
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref129
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref129
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref130
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref130
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref130
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref131
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref131

Y. Ghahramani et al.

[132]

[133]
[134]
[135]
[136]
[137]
[138]
[139]
[140]
[141]

[142]

[143]

[144]

[145]

ZIF-8 nanocomposites for oral cancer overexpressed 1 detection, Anal. Chim. Acta
1287 (2024) 342055.

P. Panta, D.T. Wong, Saliva-based point-of-care in oral cancer detection: current
trend and future opportunities, in: Oral cancer detection: Novel strategies and
clinical impact, 2019, pp. 297-314.

0. Rapado-Gonzalez, et al., Human salivary microRNAs in Cancer, J. Cancer 9 (4)
(2018) 638.

C. Chakraborty, S. Das, Profiling cell-free and circulating miRNA: a clinical
diagnostic tool for different cancers, Tumor Biol. 37 (5) (2016) 5705-5714.

H. Schwarzenbach, et al., Clinical relevance of circulating cell-free microRNAs in
cancer, Nat. Rev. Clin. Oncol. 11 (3) (2014) 145-156.

A. Michael, et al., Exosomes from human saliva as a source of microRNA
biomarkers, Oral Dis. 16 (1) (2010) 34-38.

L. Luo, et al., A ratiometric electrochemical DNA biosensor for detection of
exosomal MicroRNA, Talanta 207 (2020) 120298.

0. Rapado-Gonzalez, et al., Cell-free microRNAs as potential oral cancer
biomarkers: from diagnosis to therapy, Cells 8 (12) (2019) 1653.

S. Saxena, et al., A review of salivary biomarker: a tool for early oral cancer
diagnosis, Adv. Biomed. Res. 6 (1) (2017) 90.

R.S. Malon, et al., Saliva-based biosensors: noninvasive monitoring tool for
clinical diagnostics, BioMed Res. Int. 2014 (1) (2014) 962903.

T. Dong, et al., Advances in electrochemical biosensors based on nanomaterials
for protein biomarker detection in saliva, Adv. Sci. 10 (6) (2023) 2205429.
M.A. Gonzélez-Moles, M. Aguilar-Ruiz, P. Ramos-Garcia, Challenges in the early
diagnosis of oral cancer, evidence gaps and strategies for improvement: a scoping
review of systematic reviews, Cancers 14 (19) (2022) 4967.

D. Chakraborty, et al., Nano-diagnostics as an emerging platform for oral cancer
detection: current and emerging trends, in: Wiley Interdisciplinary Reviews:
Nanomedicine and Nanobiotechnology, 2023, p. e1830.

LP. Ribeiro, et al., Early detection and personalized treatment in oral cancer: the
impact of omics approaches, Mol. Cytogenet. 9 (2016) 1-7.

F. Papale, et al., The new era of salivaomics in dentistry: frontiers and facts in the
early diagnosis and prevention of oral diseases and cancer, Metabolites 12 (7)
(2022) 638.

17

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

Talanta 286 (2025) 127494

A. Ferro, S. Kotecha, K. Fan, Artificial Intelligence in oral cancer diagnosis: a
systematic review and meta-analysis, Br. J. Oral Maxillofac. Surg. 60 (10) (2022)
e22, 39.

M.P. Rosin, et al., Visualization and other emerging technologies as change
makers for oral cancer prevention, Ann. N. Y. Acad. Sci. 1098 (1) (2007)
167-183.

R. Sankaranarayanan, et al., Cancer: Disease Control Priorities, in: Oral Cancer:
Prevention, Early Detection, and Treatment, vol. 3, third edition, 2015.

M. Gormley, et al., An update on oral cavity cancer: epidemiological trends,
prevention strategies and novel approaches in diagnosis and prognosis, Commun.
Dental Health J. 39 (3) (2022) 197-205.

S.P. Vahanwala, S. Mukherji, Utilization of saliva as a diagnostic fluid in
determination of oral cancer, Int. J. Head Neck Surg. 5 (1) (2015) 15-21.

P. Kapil, et al., Bioinspired porous and electroactive reduced graphene oxide
hydrogel based biosensing platform for efficient detection of Tumor Necrosis
Factor-a, J. Mater. Chem. B (2024).

A. Shahid, et al., Hidden wonders in a spit: novel technologies for salivary
diagnostics, J. Indian Acad. Oral Med. Radiol. 32 (1) (2020) 41-45.

A. Zlotogorski-Hurvitz, et al., FTIR-based spectrum of salivary exosomes coupled
with computational-aided discriminating analysis in the diagnosis of oral cancer,
J. Cancer Res. Clin. Oncol. 145 (2019) 685-694.

L.-V. Gonzélez-Pérez, et al., Analysis of salivary detection of P16INK4A and
RASSF1A promoter gene methylation and its association with oral squamous cell
carcinoma in a Colombian population, J. Clin. Experiment. Dentis. 12 (5) (2020)
e452.

P. Wu, J. Feng, W. Wang, Expression of miR-155 and miR-146a in the saliva of
patients with periodontitis and its clinical value, Am. J. Tourism Res. 13 (6)
(2021) 6670.

H.A. Mohammed, et al., Determination of the accuracy of salivary biomarkers for
periodontal diagnosis, Diagnostics 12 (10) (2022) 2485.

M. Keskin, et al., A comparative analysis of treatment-related changes in the
diagnostic biomarker active metalloproteinase-8 levels in patients with
periodontitis, Diagnostics 13 (5) (2023) 903.


http://refhub.elsevier.com/S0039-9140(24)01876-9/sref131
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref131
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref132
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref132
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref132
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref133
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref133
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref134
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref134
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref135
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref135
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref136
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref136
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref137
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref137
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref138
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref138
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref139
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref139
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref140
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref140
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref141
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref141
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref142
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref142
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref142
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref143
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref143
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref143
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref144
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref144
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref145
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref145
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref145
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref146
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref146
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref146
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref147
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref147
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref147
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref148
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref148
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref149
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref149
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref149
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref150
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref150
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref151
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref151
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref151
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref152
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref152
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref153
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref153
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref153
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref154
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref154
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref154
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref154
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref155
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref155
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref155
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref156
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref156
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref157
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref157
http://refhub.elsevier.com/S0039-9140(24)01876-9/sref157

	Recent advances in bioactive materials: Future perspectives and opportunities in oral cancer biosensing
	1 Introduction
	2 Current trends in biosensor technologies for oral cancer
	3 Nanomaterials and their role in biosensing applications
	4 Electrochemical vs. optical biosensors: a comparative analysis
	5 Salivary biomarkers: the future of non-invasive diagnostics
	6 DNA, RNA and protein salivary-based biosensors for oral cancer
	7 Emerging strategies for early detection of oral cancer
	8 Integration of biosensors in clinical practice for oral cancer
	9 Future perspectives and opportunities
	10 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


