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Structured Abstract:

Introduction: Oral cancer poses a significant global health burden, necessitating
innovative therapeutic approaches. Nanoparticle-based therapies offer promising
avenues for enhancing treatment efficacy and minimizing adverse effects. This
review examines recent advancements in nanoparticle-based treatments for oral
cancer, emphasizing their transformative potential in improving patient outcomes.
Settings and Design: A comprehensive review of current literature and clinical
studies on nanoparticle-based therapies for oral cancer was conducted. Methods
and Material: Relevant articles were identified from peer-reviewed journals using
PubMed, Scopus, and Web of Science databases. The selection criteria focused on
studies published within the last decade, highlighting clinical trials, preclinical
studies, and innovative nanoparticle formulations. Results: The advancements in
nanoparticle technology have demonstrated improved targeting of cancer cells,
enhanced drug delivery, and reduced systemic toxicity. Clinical trials indicate
promising outcomes in tumor regression, reduced recurrence rates, and improved
patient survival. Conclusions: Nanoparticle-based therapies represent a
transformative approach to treating oral cancer. Continued research and clinical
trials are essential to integrate these therapies into standard clinical practice fully.
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Introduction

Oral cancer remains a prevalent and challenging malignancy worldwide, with
high morbidity and mortality rates often attributed to late diagnosis and the
aggressive nature of the disease. Traditional treatment modalities, including
surgery, chemotherapy, and radiation therapy, are usually accompanied by
substantial side effects and may not always achieve desired outcomes. The
development of nanoparticle-based therapies has opened new avenues for
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targeted drug delivery, potentially enhancing treatment efficacy while
minimizing adverse effects.

Nanoparticles, defined as particles with at least one dimension less than 100
nanometers, can be engineered to carry therapeutic agents specifically to cancer
cells. This targeted delivery approach improves the bioavailability and stability
of drugs and reduces systemic toxicity by sparing healthy tissues. This review
aims to provide a comprehensive overview of the various types of nanoparticles
used in oral cancer therapy, their mechanisms of action, clinical applications,
safety considerations, and prospects.

Methodology

Relevant articles were identified from PubMed, Scopus, and Web of Science
databases, focusing on studies published in the last decade related to
nanoparticle-based therapies for oral cancer. The inclusion criteria prioritized
studies that discussed practical applications and innovative techniques. In
contrast, exclusion criteria eliminated non-peer-reviewed articles, those lacking
empirical evidence, or those unrelated to oral cancer treatment. Data extraction
involved gathering key information such as methodology, significant findings,
and limitations. A total of 84 references were included, each subjected to a
quality assessment considering sample size, study design, and statistical analysis.
The extracted data were synthesized to form a narrative aligned with the review's
aims, emphasizing practical applications, innovative techniques, future
directions, and potential policy implications, ensuring a comprehensive and
rigorous review.

Generations of Nanotechnology
Nanotechnology, operating at 1-100 nm, allows for the exploitation of unique
properties. It can be classified into six generations:

1. First Generation (N1): Passive Nanostructures - Molecular-level structures
are controlled without dynamic properties, including aerosols, carbon
nanotubes, nanoparticles, nanoclay platelets, and colloidal polymers.

2. Second Generation (N2): Active Nanostructures - These structures respond
to external stimuli, such as pH or temperature, altering composition or
behavior, including nanomedicines and bioactive agents.

3. Third Generation (N3): Integrated Nanosystems - These involve
networking of nano-machines and molecules, such as 3D structures and
nanobots.

4. Fourth Generation (N4): Heterogeneous Molecular Nanosystems -
Achieving multi-functionality at the molecular level, applications include
molecular devices and nanosystem biology for healthcare.
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5. Fifth Generation (N5): Nano-Bio-Info-Cogno (NBIC) Platforms - These
integrate nanotechnology with information technology, biotechnology, and
cognitive science for healthcare.

6. Sixth Generation (N6): Nanosystem Convergence Networks - Involves
interconnected nanosystem networks across domains, for health,
production, infrastructure, and services.

Types of Nanoparticles and Their Applications

1. Organic Nanoparticles (NPs)
Lipid-Based Nanoparticles
Lipid-based nanoparticles (Thi, T et al, 2021), including liposomes(Torchilin,
V, 2005)and solid lipid nanoparticles (SLNs), are biocompatible carriers
enhancing drug solubility, stability, and bioavailability for oral cancer
therapy. Liposomes encapsulate drugs like doxorubicin and cisplatin,
improving delivery and reducing toxicity(Nekkanti et al, 2015). SLNs provide
a stable matrix for controlled drug release.

Polymer-Based Nanoparticles

Polymer-based nanoparticlessuch as PLGA (Danhier, F et al, 2015), and
chitosan(Sangnim, T et al, 2023), provide controlled drug release, targeting,
and enhanced therapeutic efficacy. PLGA nanoparticles are biodegradable,
releasing drugs at specific rates(Zielinska, A.et al, 2020), while chitosan's
mucoadhesive properties improve drug retention at tumor sites. These
nanoparticles enhance drug bioavailability and offer potential in oral cancer
prevention, diagnosis, and treatment. However, challenges such as
degradation, targeting inefficiencies, and potential toxicity remain (Alvi M et
al, 2022). Despite their promise in advancing oral cancer therapy, further
research is essential to fully address these challenges and realize their clinical
potential (Zhang, G. M, et al, 2022).

Dendrimers:

Dendrimers, highly branched structures with a large surface area, can carry
multiple drugs and target specific tissues, making them ideal for delivering
chemotherapeutic agents and genetic material in oral cancer(Xiong, Z et
al,2018;Jiang, L, et al 2018).

Micelles:

With their core-shell structure, micelles enhance solubility and prolong drug
circulation, effectively targeting cancer cells with drugs like salinomycin and
methotrexate(Keskin, D et al, 2017; Zhu, Met al, 2017).
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Hydrogels:

Hydrogels, hydrophilic polymer networks, adhere to mucosal surfaces and
release drugs in response to stimuli, offering localized cancer treatment with
reduced side effects by delivering drugs like paclitaxel or DOX directly to
tumor sites(Giri et al, 2012).

. Inorganic Nanoparticles (NPs)

Metal-Based Nanoparticles

Inorganic Nanoparticles (NPs) are pivotal in oral cancer therapy, harnessing
unique optical, electronic, and chemical properties of metal-based
nanoparticles, including gold(Zhang, Q et al, 2022), and silver nanoparticles,
utilized for their therapeutic potentials(Wang, Y et al, 2024). Metal
nanoparticles (MNPs) enhance the therapeutic index of drugs through
targeted delivery and multidrug resistance prevention, finding applications in
vivo(Xu, J. et al, 2022) and in vitro diagnostics, biocompatible materials
development, and nutraceutical production(Sengani, M et al,2017;Alalaiwe, A.
2019). Eco-friendly green synthesis of MNPs(Noruzi, M et al,2011) is an
emerging trend in bionanotechnology.Heidari A, et al. (2024) highlighted that
metal NPs, such as gold, silver, and iron oxide, possess intrinsic anticancer
properties useful in targeting tumors.

Gold Nanoparticles (AuNPs):Gold Nanoparticles (AulNPs) leverage surface
plasmon resonance for imaging, photothermal therapy (PTT), and drug
delivery(Fadel, M., & El-Kholy, A. I. 2024). Vines ]B et al. (2019) showcased
their application in targeted photothermal therapy for oral cancer,
emphasizing their precision and minimal systemic side effects.

Silver Nanoparticles (AgNPs): Silver Nanoparticles (AgNPs) induce

apoptosis in cancer cells due to their ability to generate reactive oxygen
species (Dziedzic, A et al, 2016;Yakop, F et al, 2018).

Iron Oxide Nanoparticles (FeNPs): These are used for magnetic targeting
and hyperthermia therapy due to their superparamagnetic properties,
enhancing the delivery of chemotherapeutic agents and serving as MRI
contrast agents(Yang, X et al, 2011).

Calcium Phosphate Nanoparticles (CaPNPs): Calcium Phosphate
Nanoparticles (CaPNPs), composed of biodegradable calcium phosphate,
facilitate targeted drug delivery while minimizing systemic toxicity,
degrading into non-toxic byproducts(Pourbaghi-Masouleh, M., & Hosseini, V.
(2013).

Silica Nanoparticles (SiNPs): Silica Nanoparticles (SiNPs), especially
mesoporous silica nanoparticles (MSNPs), feature high surface area and
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adjustable pore sizes for targeted drug delivery and controlled release,
improving cancer treatment efficacy(Kesse, S et al, 2019).

Carbon-Based Nanoparticles: Carbon-based nanoparticles, like carbon
nanotubes (CNTs) and graphene, offer unique electronic properties and high
surface area, suitable for drug delivery and photothermal therapy(Hosseini, S
et al ,2023). Sajjadi M et al. (2021) discussed their applications in targeted
cancer therapy. Sargazi S et al. (2022) and Priyam ] (2023)explored carbon-
based nanomaterials for personalized cancer medicine and theranostics.

Carbon Nanotubes (CNTs): Carbon Nanotubes (CNTs), consisting of rolled
graphene sheets, are used for their high mechanical strength and conductivity

in delivering anticancer drugs and facilitating photothermal therapy(Tian, Z.
etal, 2011).

Quantum Dots (QDs): Quantum Dots (QDs), semiconductor nanoparticles,
are utilized for their luminescent properties in imaging and targeted drug
delivery(Peer, D. et al, 2007).

Nanodiamonds (NDs): Nanodiamonds (NDs) are noted for their chemical
stability and interaction with biological molecules, enhancing drug delivery
and reducing drug resistance(Wei, S et al, 2019).

3. Hybrid Nano Particles:

Hybrid Nano Particles, combining properties of both organic and inorganic
nanoparticles, represent a significant advancement in drug delivery systems.
Lipid-polymer hybrid nanoparticles, merging the biocompatibility of lipids
with polymers' structural integrity, have been developed for treating various
cancers(Zhao, X et al,2015;Li, Y et al, 2019;Wang, Q et al, 20171;Zhang, R. et al,
2017), demonstrating enhanced drug encapsulation and efficient
internalization by cancer cells. These systems offer a promising approach to
improving treatment effectiveness and overcoming drug resistance,
showcasing the dynamic potential of nanotechnology in enhancing oral cancer
therapy.

Mechanisms of Action of Nanoparticles in Oral Cancer Therapy
Nanoparticles (NPs) offer a range of mechanisms that can be harnessed for oral
cancer therapy (Taneja, N et al, 2021). These mechanisms include:

1. Targeted Drug Delivery:

Yao Y et al (2020) stated that Nanoparticle-based drug delivery systems offer
several specific advantages:
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Improved Stability and Biocompatibility: Nanoparticles can enhance the
stability of drugs by protecting them from degradation in the biological
environment. Their biocompatibility ensures minimal toxicity and adverse
reactions, making them suitable for therapeutic applications.

Enhanced Permeability and Retention (EPR) Effect: Nanoparticles can
exploit the EPR effect, characterized by the tendency of nanoparticles to
accumulate more in tumor tissues due to their leaky vasculature and poor
lymphatic drainage. This enhances the concentration of therapeutic agents at
the tumor site, improving treatment efficacy. This effect, combined with the
physicochemical characteristics of nanocarriers, determines the efficiency of
drug delivery in cancer therapy.

Precise Targeting: Nanoparticles can be engineered with specific ligands or
antibodies that recognize and bind to receptors overexpressed on target
cells, such as cancer cells. This allows for targeted delivery of drugs, reducing
off-target effects and increasing therapeutic precision.

. Photo thermal Therapy:

Certain nanoparticles, such as gold NPs, can absorb light and convert it into
heat. When these NPs are targeted to tumor cells and exposed to a specific
wavelength of light, they generate localized hyperthermia, which can destroy
cancer cells. This method shows promise in treating oral squamous
carcinoma. The nanoparticles designed for photothermal therapy can absorb
specific wavelengths of light and convert them into heat, effectively
destroying tumor cells with minimal invasiveness.

. Photodynamic Therapy:

Photosensitizing agents can be delivered by using nanoparticles to cancer
cells. Upon activation by light, these agents produce reactive oxygen species
(ROS), causing oxidative damage and cell death in targeted cancer cells.

. Gene Therapy:

NPs can be utilized to deliver genetic material, such as small interfering RNA
(siRNA) or plasmid DNA, to silence oncogenes or express tumor suppressor
genes in cancer cells. This approach can modify the genetic landscape of
cancer cells, leading to apoptosis or tumor growth inhibition.

. Chemotherapy Enhancement:

Nanoparticles can enhance the efficacy of chemotherapeutic drugs by
improving their solubility, stability, and bioavailability. Encapsulation of
drugs within NPs can also protect them from degradation and enable
controlled release, providing a sustained therapeutic effect.
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6. Immune Modulation:
NPs can modulate the immune system to recognize and attack cancer cells.
They can be designed to deliver immune-modulating agents or act as
adjuvants, boosting the body's immune response against the tumor.

1. Magnetic Hyperthermia:
When exposed to an alternating magnetic field, iron oxide nanoparticles can
generate heat. This magnetic hyperthermia can selectively destroy cancer
cells, either alone or in combination with other therapies.

8. Bioimaging and Diagnostics:
NPs can also be employed as contrast agents in imaging techniques such as
MRI, CT, or PET scans, allowing for precise tumor imaging and monitoring of
treatment response.

Nanotechnology in Oral Cancer Detection

Nanotechnology has revolutionized the early detection of oral cancer through
non-invasive techniques that improve diagnostic accuracy. Nano-based imaging
modalities, such as Magnetic Resonance Imaging (MRI), Optical Coherence
Tomography (OCT), and Surface Plasmon Resonance (SPR) scattering, offer
significant advancements.

Magnetic Resonance Imaging (IMRI)

For instance, nanoparticles like superparamagnetic iron oxide (SPIO) enhance
MRI contrast (Villaraza, A. et al, 2010; Aryal, S et al, 2014), while folate-
conjugated chitosan and magnetic PLGA nanoparticles improve imaging in oral
cancer models (Shanavas, A et al, 2017;Chandran, P et al, 2017).

Optical Coherence Tomography (OCT):
Enhanced by gold nanoparticles (AuNPs), OCT provides high-resolution imaging
for better tumor margin identification(Green, B, et al, 2016; Kim, C. S et al, 2009).

Photoacoustic Imaging:

Using gold nanoparticles, photoacoustic imaging detects lymph node
micrometastases with high accuracy (Xu, C, et al, 2018; Jiang, Y, S et al, 2017;Bao,
C, etal, 2016).

Surface Plasmon Resonance Scattering and Surface-Enhanced Raman
Spectroscopy (SERS):

Surface Plasmon Resonance Scattering and Surface-Enhanced Raman
Spectroscopy (SERS), particularly with gold nanoparticles, effectively distinguish
malignant lesions (Hou, C., et al, 2017; Harmsen, S., et al, 2017; Galloway, T. A., et
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al, 2017; Wang, Y. W., et al, 2017).SERS with gold nanorods also detect cancer
biomarkers in saliva with high sensitivity (Chakraborty, D, et al, 2018).

Quantum Dots Imaging:

Quantum dots, offering unique luminescent properties, excel in molecular and
cell imaging for oral cancer (Liu, L, et al, 2013; Zhao, J. ], et al, 2011; Zhu, C. N, et
al, 2017).

Nano-Based Ultrasensitive Biomarker Detection

Additionally, nanotechnology enables ultra-sensitive detection of cancer
biomarkers through magnetic beads (Janissen, R, et al, 2017; Li, X, et al, 2018.)
and multiplexed approaches (Munge, B. S. et al, 2016), enhancing diagnostic
precision and reducing false positives and negatives

Applications of Nano particles in Oral Cancer (Senevirathna, K et al, 2020)

1. Mechanisms contributing to cancer drug resistance include the
overexpression of drug efflux pumps, defects in apoptotic pathways, and
hypoxic conditions. Nanoparticles targeting these mechanisms can
potentially enhance the reversal of multidrug resistance.

2. The use of nanoparticles in immunotherapy holds promise for enhancing
treatment efficacy.

3. Nanoparticle-based drug delivery systems offer several advantages in
cancer treatment, such as improved pharmacokinetics, precise targeting of
tumor cells, reduced side effects, and mitigation of drug resistance
(Dadwal et al., 2018; Palazzolo et al., 2018).

4. In cancer therapy, nano-carriers target tumor cells through the carrier
effect of nanoparticles and the positioning effect of targeting agents after
absorption.

5. Nanoparticles provide a platform to encapsulate drugs and facilitate their
delivery into the bloodstream (Kipp, 2004; Zhang et al., 2008).

6. Due to nanoparticles' size and surface properties and enhanced
permeability and retention effects, nano-carriers can extend the half-life of
drugs and promote their accumulation in tumor tissues (Bertrand et al.,
2014; Kalyane et al., 2019).

1. Targeting systems safeguard normal cells from the cytotoxic effects of
drugs, thereby reducing the adverse effects of cancer therapies.

8. The drugs encapsulated within nano-carriers include traditional
chemotherapy agents and nucleic acids, indicating their potential roles in
cytotoxic and gene therapy (Chen et al., 2015).

9. Beyond chemotherapy and gene therapy, numerous studies have explored
the application of nanoparticle-based drugs in immunotherapy and cancer
ablation treatments (Riley and Day, 2017). Nanoparticle-based drug
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delivery systems are believed to enhance immunotherapy and counteract
the tumor's immunosuppressive microenvironment.

10.In 2010, a targeted nanoparticle-based system delivered small interfering
RNA (siRNA) to patients with solid tumors (Davis et al., 2010). Another
clinical study reported superior tumor treatment efficacy with an actively
targeted polymeric nanoparticle containing the chemotherapeutic
docetaxel (DTXL) compared to a solvent-based DTXL formulation (Hrkach
etal., 2012).

11.Hybrid nanoparticles combine the properties of different nanoparticles,
thereby enhancing the functionality and stability of each drug delivery
system (Mottaghitalab et al., 2019).

12.Nanoparticles offer certain advantages in combating anti-tumor multidrug
resistance (MDR) by providing platforms for combination drug therapy and
inhibiting some mechanisms of drug resistance, such as efflux transporters
on cell membranes (Li et al., 2016).

Randomized Controlled Trials:

Nanoparticles are emerging as advanced tools for targeting the tumor
microenvironment in oral cancers, enhancing the effectiveness of therapies like
chemotherapy, photodynamic therapy, and immunotherapy by delivering
therapeutic agents directly to tumors and modulating the tumor
microenvironment (Zhang, H et al, 2024)

Samiraninezhad et al. (2023) developed a chitosan-based doxepin nanogel for
treating chemotherapy-induced oral mucositis, showing significant reductions in
mucositis severity over 14 days compared to controls, indicating potential as an
effective alternative treatment. Ramezani et al. (2023) demonstrated that
curcumin mouthwash and nanocapsules significantly reduced radiation-induced
oral mucositis severity and pain in a randomized trial involving 37 patients,
suggesting curcumin's safety and efficacy in this context.

Clinical Trials:

Hoffmann et al. (2021) evaluated NBTXR3, a radio enhancer nanoparticle, in
elderly or frail patients with locally advanced head and neck squamous cell
carcinoma, finding it well-tolerated with preliminary signs of antitumor activity.
Adkins et al. (2021) investigated the CACTUX regimen in head and neck
squamous cell carcinoma, noting a higher objective response rate and favorable
overall survival compared to the historical EXTREME regimen. Tan et al. (2017)
explored surface-enhanced Raman spectroscopy (SERS) for early oral squamous
cell carcinoma detection, achieving 80.7% sensitivity and 84.1% specificity.
Kanai et al. (2012) evaluated THERACURMIN, a nanoparticle curcumin
formulation, finding increased plasma curcumin levels and enhanced
bioavailability. Damascelli et al. (2007) reported a 75% overall response rate
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using nanoparticle albumin-bound paclitaxel in advanced head and neck
squamous cell carcinoma. Yang et al. (2003) showed enhanced targeted delivery
and therapeutic efficacy of Cucurbitacin BE nanoparticles in cervical lymph
nodes in oral cancer.

Safety and Regulatory Considerations:

Nanoparticle toxicity and biocompatibility are critical concerns, with factors like
size, shape, and surface charge influencing toxicity. Surface modifications can
enhance biocompatibility (Sahu et al., 2016). Regulatory approval involves
stringent requirements from bodies like the FDA, necessitating comprehensive
safety and efficacy data.

Future Directions and Challenges:

Research should enhance nanoparticle targeting, overcome biological barriers,
and tailor nanoparticles for personalized medicine. Long-term safety studies and
advanced monitoring technologies are essential for tracking nanoparticles in the
body.

Conclusion:

Nanoparticle-based therapies offer promising advancements in oral cancer
treatment through targeted drug delivery and personalized medicine
approaches. However, several challenges remain, including the need for
comprehensive safety evaluations, regulatory approvals, and the development of
more efficient and specific targeting strategies. Continued interdisciplinary
research, collaboration between academia, industry, and regulatory bodies, and
integrationof advanced technologies will be essential in advancing nanoparticle-
based therapies from the laboratory to clinical practice.
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