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Oral squamous cell carcinoma is still a global health issue, even if oral cavity is an

easily accessible anatomical site, the diagnosis is still delayed. Conventional

treatments, like chemotherapy and radiotherapy, are usually employed, but not

without complications. These drawbacks have necessitated the need for new

therapies, one of these is photodynamic therapy (PDT). Nanotechnologies-

enhanced PDT has significantly improved tumor targeting, bioavailability, and light

absorption, paving the way for its application in early-stage of oral squamous cell

carcinoma (OSCC) and as part of combination therapies for advanced cases. Despite

the potential advantages of PDT, such as tumor selectivity, minimization of systemic

side effects and repeatability of treatment, some limitations still restrict its clinical

application. Despite these challenges, its application in oral squamous cell carcinoma

and oral potentially malignant disease is promising, both alone or in combination

with other therapies. Addressing such pros and cons of this technique, PDTmay then

be a possible adjuvant tool in the management of OSCC.
KEYWORDS

nanomedicine, photodynamic therapy, oral squamous cell carcinoma, cancer therapy,
head and neck
Introduction

Oral squamous cell carcinoma is a global health issue, affecting around 390,000 people

worldwide (1); it represents the most common type of head and neck cancer (HNC)

accounting about 90% of all oral cancer cases, with an increasing incidence in recent years

(2). Although oral cavity is an easily accessible anatomical site for mucosal inspection, oral

squamous cell carcinoma (OSCC) diagnosis is often delayed, and for this reason the

mortality rate is still high (3).
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Treatment strategies for OSCC depend on the disease stage. In

early stages surgical intervention or radiotherapy (RT) are usually

employed; a different approach with more advanced stages involves

a combination of surgery, RT and chemotherapy (CT) (4).

All of these treatment options have their own adverse effects which

may be very significant and sometimes burdened with high morbidity.

For example, osteoradionecrosis may be associated with RT. Surgery

may cause extensive anatomical defects. CT is often associated with

oral mucositis, which manifests as inflammation of the oral mucosa

with whitish and/or yellowish patches, ulceration, atrophy of the

mucosa, erythema, oedema and bleeding, dysgeusia, infectious

diseases and xerostomia associated with loss of glandular function

(5); it can be very severe and sometimes requires therapy withdrawal.

These drawbacks are the main reasons for the need of new

therapies in order to reduce patient’s discomfort, and increase

treatment associated morbidity. Hence, different approaches are

being explored: one of these is photodynamic therapy (PDT).

It involves the use of a photosensitive agent that, exposed to a

specific wavelength light, generates reactive oxygen species (ROS)

with cytotoxic effects capable to inhibit the growth of cancer

cells (6).

The noninvasive nature of PDT makes it a promising treatment

alternative modality, which has been proposed for treating HNC

(7), neoplastic lesions of the gastrointestinal tract, lungs, and skin at

both premalignant and malignant stages (6).

Nonetheless, PDT’s broader clinical adoption is constrained by

intrinsic limitations, such as suboptimal solubility of

photosensitizers (PS) their poor tumor specificity, which may end

up with unintended phototoxic effects on healthy tissues (8).

Modern advances in nanotechnology offer new strategies to

overcome these barriers, enhancing PDT’s precision, efficacy, and

safety. The nanotechnology-enhanced PDT is an intriguingly

evolving landscape which this review is going to address by

highlighting novel designs, mechanisms of action, and potential

therapeutic benefits.
Mechanisms of nanotechnology-
enhanced PDT: advantages

The basic paradigm of PDT is combining some key

components: a selective PS, activated by specific light

wavelengths, inducing production of reactive oxygen species

(ROS) that selectively may trigger tumor cell apoptosis or

necrosis (9). Within this schema, nanotechnologies applied to

PDT, which means the use of nanoparticles with PS capability or

loaded with PS, may improve tumor targeting, enhance the

bioavailability and stability of PS, enhance light absorption and

ROS production. (Table 1).
Tumor targeting

Tumor targeting can be enhanced with either passive or active

mechanisms. Passive targeting exploits the enhanced permeability
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and retention (EPR) effect, which refers to the tendency of

nanoparticles and macromolecules to accumulate in tumor tissues

due to the leaky vasculature and poor lymphatic drainage typical of

tumor-associated vasculature (10); tumors exhibit abnormal

vascularization with permeable blood vessels and inefficient

lymphatic drainage, allowing photosensitizer-laden nanoparticles

to selectively accumulate into the tumor mass (11).

Active targeting requires ligand-functionalized nanocarriers

designed to specifically bind to overexpressed tumor receptors

and deliver the photosensitizers (PS) for enhanced photodynamic

therapy efficacy (12). Folate-conjugated nanoparticles, Transferrin-

conjugated nanoparticles and Antibody-conjugated nanoparticles

enables selective accumulation of photosensitizers (PS) in tumor

tissues through the mechanism of receptor-mediated endocytosis

(13). This allows for a sustained and target release of

photosensitizers (PS) (14); with a reduction in drawbacks for the

patients, and compliance improvement (9).
PS bioavailability enhancement

Enhance the bioavailability and stability of PS is another

strategy fulfilled by using nanotechnologies. It is based on the

utilization of nanocarrier-based delivery systems, including

liposomes, dendrimers and polymer-based nanoparticles (PBNPs).

These delivery systems have been shown to encapsulate PS

molecules, thereby protecting them from premature degradation

and extending their systemic circulation (15). By facilitating

controlled release, these systems ensure greatest therapeutic

impact at tumor sites and minimize systemic toxicity (16).

Liposomal carriers enhance the bioavailability and tumor

selectivity of hydrophobic PS. Clinical studies have validated their

biocompatibility, reduced immunogenicity, and ability to improve

PDT’s therapeutic window for OSCCS, cervical cancer and lung

cancer (16).

Polymeric nanoparticles (PNPs), such as those constructed

from Poly(lactic-co-glycolic acid)(PLGA) and Polyethylene Glycol

(PEG), facilitate sustained PS release while offering significant
TABLE 1 Characteristics of conventional PDT vs. nanotechnology-
enhanced PDT.

Feature
Conventional

PDT
Nanotechnology-
Enhanced PDT

Photosensitizer
delivery

Non-specific, systemic Targeted, via nanocarriers

Tumor
selectivity

Limited Improved via active/
passive targeting

Photostability Often low Enhanced with nanomaterials

Tissue
penetration

Superficial Potentially deeper
(with upconversion NPs)

Side effects Higher risk
(off-target damage)

Reduced due to targeted delivery

Immune
activation

Variable Enhanced (e.g., immuno-PDT)
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design flexibility for functionalization. They have been used to

merge the above reported strategies (i.e. tumor targeting and PS

bioavailability enhancement). In fact, ligand-modified polymeric

systems have achieved targeted delivery in preclinical head and neck

squamous cell carcinoma studies, highlighting their potential for

clinical application (17).PLGA and PEG play a crucial role in

nanomedicine by enhancing stability, targeting, and controlled

release of photosensitizers in PDT, ultimately increasing

therapeutic efficacy while reducing side effects.
Light absorption and ROS production
enhancement

The utilization of nanoparticles (NPs), including but not limited

to gold NPs, quantum dots and up conversion NPs (UCNPs), has

been demonstrated to enhance light absorption and ROS production

(18).These materials exhibit distinguishing optical properties, such

as surface plasmon resonance and up conversion luminescence,

which enable deeper tissue penetration and more effective tumor

ablation. Therefore, this augmentation of PDT’s photodynamic

effects frequently results in higher therapeutic outcomes. Metallic

nanoparticles amplify light absorption and enhance ROS production

through surface plasmon resonance (19); moreover, gold nanorods

(GNRs), are preferentially taken up by malignant cells using specific

ligands for targeted delivery; indeed, their reflectivity makes possible

to distinguish normal tissue from tumors (20).

With a similar mechanism of action, there are quantum dots

(QDs) and up conversion nanoparticles, which enable deep tissue

PDT by converting low-energy near-infrared light into high-energy

emissions that activate PS. In addition, QDs offer intrinsic

fluorescence for tumor imaging, enabling real-time monitoring of

therapeutic progress (21).
PDT limitations in clinical applications

Despite the potential advantages of PDT, such as tumor

selectivity, minimization of systemic side effects and repeatability

of treatment, some limitations still restrict its clinical application.

One of the main problems is that light cannot penetrate deeply

into the tumor; usually, it may reach less than 1 cm (22). This

problem is of particular significance in the context of deep or bulk

tumor masses; in such instances the specific treatment modality of

PDT can be suitable only for superficial tumors or the superficial

part of tumors, although UCNPs may overcome this limitation due

to the fact that these devices uses near-infrared light (23). A further

limitation is that PDT relies on the generation of reactive oxygen

species (ROS) to induce cell death; solid tumors often have hypoxia,

which may significantly reduce the effectiveness of this type of

therapy (24).

It is also important to note that patients undergoing PDT may

develop hypersensitivity to sunlight and artificial light for days or
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weeks after treatment, due to the persistence of PS in the skin. This

has the potential to impair the patient’s quality of life after

treatment (25), and requires to be accurately addressed by future

research. In addition, many PS tend to accumulate in healthy

tissues, causing side effects and reducing therapeutic efficacy (26).

Healthy tissues can be also injured as a consequence of the difficulty

to precisely control the depth, intensity and therapeutic effect of PS

(26). On the other hand, PDT with nanoparticles may also have the

potential, in conjunction with anti-tumor medications (for example

CT), to reduce drug toxicity to healthy tissues (27) by increasing

treatment selectivity for dysplastic/neoplastic cells.
PDT and oral squamous cell
carcinoma

Photodynamic therapy (PDT) is progressively recognized as a

promising alternative treatment for oral squamous cell carcinoma,

in particular in early stages tumor, or in adjunct for

advantaged cases.

PDT uses a photosensitizing agent that, accumulated into

cancer cells, generates reactive oxygen species (ROS) when

activated by light.

This type of approach is noninvasive, and more accurate than

standard therapies, with a reduction of collateral effects to healthy

tissue (28, 29).Recent advances in PDT include the use of

nanotechnology to improve the delivery and efficacy of

photosensitizers. Nanomaterials such as nanoparticles, liposomes

and dendrimers can contain photosensitizers, improving their water

solubility, stability and ability to target tumors (27).

These nano-based system also overcome the limitations of

conventional PDT, such as insufficient light penetration into

deeper tissues and poor solubility of photosensitizers.

Nanotechnology allows for enhanced accumulation of PS at the

tumor site and better control of treatment depth (6–28).Moreover,

PDT has shown efficacy in the treatment of oral leukoplakia and

other premalignant lesions by targeting abnormal cells before they

progress to invasive cancer (27). In order to reduce side effects, such

as mucositis and xerostomia, PDT can be used in combination with

other therapies in more advanced stages.

PDT is currently more suitable for superficial lesions and

ongoing research is focused on overcoming its limitations in

treating deep or metastatic tumors (6–30).
Conclusions

Photodynamic therapy (PDT) has emerged as a promising

alternative treatment for oral squamous cell carcinoma (OSCC),

particularly in its early stages or as part of combination therapy for

advanced cases. PDT might be effective for superficial lesions,

whereas further research should focus on overcoming its

limitations for treating deeper or metastatic tumors, as well as in
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addressing drawbacks related to suboptimal solubility of PS while

improving tumor specificity.

PDT offers a more precise treatment approach, but its clinical

adoption is still limited by drawbacks: suboptimal solubility of PS,

poor and limited light penetration into deeper tissues. The

incorporation of nanotechnology is expected to improve the

precision, efficacy and safety of PDT, which may then be a

possible adjuvant tool in the management of OSCC, especially in

the context of integrated treatment modalities including

chemotherapy and/or radiotherapy.
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