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Abstract: Oral squamous cell carcinoma (OSCC) is the most prevalent and deadly malignancy of the head and neck. The standard
treatments for OSCC are surgery, radiotherapy, and chemoradiotherapy, which can cause severe cosmetic and functional damage to the
oral cavity and impair the patients’ quality of life. Photodynamic therapy (PDT) is a promising alternative that uses light-activated
photosensitizers to induce selective phototoxicity and necrosis in the target tissues. PDT has several advantages over conventional
treatments, such as minimal invasion, low side effects, high selectivity and preservation of the oral function and appearance. This
review explores the principles, mechanisms, and current applications of PDT for OSCC. We address the challenges, such as the depth
of light penetration and tissue hypoxia, and underscore the progressive innovations in photosensitizer enhancement, nanotechnological
integration, and precision therapy. The exploration of biomarkers for refining patient selection and tailoring individualized treatment
regimens is also undertaken. PDT holds promise as a secure and efficacious modality for OSCC management. Nonetheless, additional
investigation is imperative to refine treatment protocols and validate sustained therapeutic success.
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Introduction

Oral squamous cell carcinoma (OSCC) is the most prevalent and deadly malignancy of the head and neck, associated with
a significant mortality rate.'* The survival rate of oral cancer is approximately 50%. OSCC commonly occurs in the tongue,
gingiva and buccal mucosa.’ OSCC is more prevalent in Asian populations, which may be due to the habit of betel nut/tobacco
chewing in Asian countries. In Western populations, the most common site of oral cancer is the tongue, accounting for
40-50% of oral cancer cases.” Surgical treatment alone, radiotherapy and chemoradiotherapy combined with surgery are the
main therapeutic options for oral cancer currently.” Surgical treatment is one of the most common methods for treating
OSCC.° However, surgical removal may also impair the patient’s swallowing, speech, chewing function and appearance, and
even require plastic surgery.”® Radiotherapy induces DNA damage, rendering cells unable to repair and leading to their
destruction. The 5-year survival rate for early-stage head and neck squamous cell carcinoma patients receiving radiotherapy
alone increases greatly.” However, non-specific radiotherapy can cause damage to normal tissues.'® Chemotherapy can treat
cancer to some extent,'' but due to the non-specificity of chemotherapeutic drugs, severe systemic adverse reactions are

common. After initiating high-dose chemotherapy, patients are at significant risk of developing ulcerative mucositis.
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Additionally, prolonged medication use can lead to cancer cell resistance, affecting the efficacy of chemotherapy. Studies have
shown that despite improvements in cancer survival rates, people with head and neck cancer are almost twice as likely to
commit suicide compared to people with other cancers, which has increased in recent years.'? Therefore, finding more
effective and personalized OSCC treatment methods to improving the quality of life of patients, is an urgent problem that
needs to be solved. Some emerging methods are being explored and developed.

Photodynamic therapy (PDT) uses light of a specific wavelength to irradiate photosensitizers (PSs) which
accumulate and produce photochemical reactions in the target tissues, causing irreversible damage or necrosis.'?
Photosensitizers, light sources and oxygen are the three essential elements of photodynamic therapy. The photody-
namic reaction begins when the PS absorbs light and transfers energy to oxygen molecules, resulting in the formation
of ROS. The mechanisms underlying the generation of ROS can be categorized into two pathways: type I. The PS in
the excited triplet state T1 (°PS-) reacts directly with a substrate and transfers an electron or a proton, leading to the
formation of organic radicals; type II: *PS- undergo triplet—triplet energy transfer to molecular oxygen (triplet in the
ground state) to form excited-state singlet oxygen ('0,), an extremely strong oxidizing agent with a lifetime in
biologic media from a few to hundreds of nanoseconds and it is considered to be the main factor for the therapeutic
effect of PDT.'*

PDT is considered to have good application prospects because of its advantages such as minimally invasive, low side
effects and high selectivity.'> When PDT is used as an adjuvant therapy, it has been demonstrated to yield better cancer
treatment outcomes. PDT has been successfully used to treat various lesions in the head and neck region, especially oral
potentially malignant disorders (OPMDs) or oral cancer, effectively eliminate cancer cells and improve the quality of life
and prognosis of patients.'®!” In this review, we aim to provide an overview of the current evidence and challenges of
PDT for OSCC. This paper retrieved literature related to PDT and OSCC from the PubMed and Web of Science
databases etc., with a focus on analyzing studies from the past five years. We will first summarize the clinical trials and
studies on PDT for OSCC and discuss the limitations and future directions of PDT for OSCC, such as the development of
novel PSs, nanotechnology, biomarkers, and combination therapies. We hope that this review will help researchers to
better understand and utilize PDT for OSCC.
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Studies and Clinical Trials on PDT for OSCC

PDT has demonstrated effectiveness in treating OSCC across various study types. In vitro studies allow for controlled

experiments to elucidate the mechanisms of action and optimize treatment parameters. These studies have shown that
PDT inhibits OSCC cell proliferation in a dose-dependent manner and can induce apoptosis (programmed cell death).'®1?
In vivo models, often utilizing animal models with induced OSCC, further evaluate the efficacy and safety of PDT in
a more complex environment that mimics the human body. Here, researchers can observe the impact of PDT on factors
like tumor blood flow, the immune system, and surrounding healthy tissues.?’ Finally, human clinical trials provide the
most crucial evidence for the clinical application of PDT. These trials assess the safety, efficacy, and optimal treatment

regimens for patients with OSCC.?'"%*

In vitro Studies on PDT for OSCC

In recent years, many studies have investigated the effects of PDT on OSCC cells in vitro, aiming to elucidate the optimal
conditions, mechanisms, and outcomes of this therapy. PDT inhibited OSCC cell proliferation in a dose- and time-dependent
manner, and cell viability decreased with increasing 5-aminolevulinic acid (ALA) concentration and irradiation time.>* The
focus is on the uptake and accumulation of protoporphyrin IX in OSCC cells, and the phototoxicity and apoptosis induced by
PDT in OSCC cells.*® Research by Pinto et al*® has found that PDT significantly reduces the viability and migratory ability of
OSCC cells, demonstrating its potential application in eradicating OSCC stem cells and inducing their differentiation. Further
studies by Olek et al*’® suggest that PDT may also influence cancer treatment efficacy by modulating the expression of pro-
inflammatory cytokines and the tumor microenvironment. PDT has been shown to increase the secretion of certain cytokines,
such as IL-6 and IL-20, which contribute to long-term tumor control and the activation of anti-tumor immunity. Currently, with
the emergence of various novel PSs, PDT has exhibited promising therapeutic effects in vitro,?’ demonstrating good
biocompatibility without causing significant inflammation or pathological damage to normal tissues, thus offering new
insights into the development of more effective treatment strategies.*’

Despite these encouraging research findings, the clinical efficacy of PDT may be influenced by various factors, including

the distribution of PSs within the body, the penetration depth of light, and the complexity of the tumor microenvironment.*'-*>

Additionally, while PDT-induced cytokine secretion can enhance anti-tumor immunity,>***

it may also trigger adverse
inflammatory responses, impacting the safety and efficacy of the treatment. Therefore, rigorous and systematic in vivo studies

are needed to validate the efficacy and safety of PDT as research progresses and its application advances.

In vivo Studies on PDT for OSCC

In addition to in vitro studies, animal models are also important means to evaluate the efficacy of PDT in the treatment of
OSCC. Animal models can simulate the tumor microenvironment in humans and observe the impact of PDT on tumor
blood vessels, immune system and normal tissues, as well as possible adverse effect.*>*® Research by Zhang et al*” has
demonstrated that during the PDT process, the PS under in vitro laser irradiation enhances the cytotoxicity of T-cells and
inflammatory factors. This not only aids in preventing tumor development but also strengthens the tumor immune
microenvironment, which is consistent with the conclusions of previous in vitro experiments. In vivo experiments further
illustrate the points above. PDT can achieve complete or partial remission of OSCC in animal models, extend the survival
period of animals, reduce the recurrence rate of tumors, induce apoptosis and autophagy of tumor cells, activate the
immune system, and inhibit proliferation and metastasis of tumor cells.*® However, animal models still have short-
comings. For the commonly used animal model, hamster cheek pouch model,* there is no corresponding organ in
humans, which cannot reflect the situation of cancer in humans well; mice have low immune function, and the interaction
between host immune cells and cancer cells is difficult to observe. Despite this, PDT has been proven to be useful in the
treatment of OSCC in animal models, but further clinical trial results are needed to confirm that PDT has an efficacy in
OSCC that can be used for clinical treatment.

Animal models have provided valuable insights into the efficacy of PDT, but there are still significant limitations that
cannot be ignored. Firstly, the tumor growth rate and immune response in animal models differ significantly from those in
humans, which may lead to lower reproducibility of experimental results in clinical applications. Secondly, the tumor
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microenvironment in animal models differs from that in humans, which may affect the actual efficacy of PDT in clinical
trials.*’

Human Clinical Trials on PDT for OSCC

Since the 1980s, PDT has been used as treatment for malignant tumors. Early oral cancer is limited in scope and shallow
in depth of invasion, which is conducive to irradiation. The meta-analysis by Jiao Lin et al*' evaluated the efficacy and
safety of PDT for OSCC. The results showed that the CR of PDT for OSCC was 79.9% and the OR was 96.7%, and PDT
had a high short-term efficacy for early OSCC. However, the RR of OSCC after PDT was 15.8%, suggesting that close
follow-up after PDT treatment is needed for timely detection and treatment of recurrent lesions. In addition, researchers
performed a subgroup analysis to investigate the effects of lesion site, PS, light source, radiation exposure and power
density on the efficacy of PDT and found that none of these factors had a significant effect on the CR and OR of PDT
(Table 1), but did have an effect on the RR. The researchers concluded that PDT is an effective and safe treatment for
OSCC, especially for early and small lesions, but it is necessary to select the appropriate PS, light source and dose
according to different clinical conditions to achieve the best therapeutic effect. It is also important to be aware of the
limitations of PDT, such as the poorer effect on deep and metastatic lesions, and the possible publication bias.
Photodynamic therapy (PDT) not only serves as an independent local therapeutic approach but also can be used in
conjunction with surgical interventions and radiotherapy, these combined treatments have demonstrated improved effects
against cancer.” Vander Poorten et al®' applied PDT to treat two patients with residual tumor after surgery for squamous
cell carcinoma at the base of tongue. Both two patients were disease-free at 42 and 24 months of follow-up respectively,
achieved locoregional tumor control, while preserving speech, respiration, and swallowing. PDT can be used as
a palliative treatment option when patients refuse or are not suitable for conventional treatments after extensive prior

Table | Summary of Clinical Trials on PDT for OSCC

Year PS Stage Patients/Lesion Complete References
Sites (n) Response (n, %)
2023 Photofrin/ Talaporfin sodium THT2 23 19 (83) [42]
2022 ALA TI 34 26 (76) [22]
2018 Talaporfin sodium T2/T3/T4 8 6 (75) [43]
2016 Photofrin Tis/TI/T2/T3 34 30 (88) [44]
2016 ALA - 20 29 (69) [45]
2013 mTHPC TI 126 108 (86) [23]
T2 30 19 (63)
2013 Photofrin TI/T2 18 17 (94) [46]
2013 mTHPC TI/T2 4 3 (75) [47]
T3/T4 7 2 (29)
2012 mTHPC - 20 9 (45) [48]
2011 mTHPC TI/T2 145 99 (68) [49]
2011 Foscan TI/T2 38 26 (68) [21]
2011 Foscan T3/T4 21 I (5) [50]
2010 Photofrin TI/T2 135 129 (96) [51]
2009 Photofrin TI I 10 (91) [52]
2007 Foscan TI/T2 20 12 (60) [53]
2004 mTHPC - 114 97 (85) [54]
2003 Foscan TI/T2 7 7 (100) [55]
T3/T4 2 I (50)
2001 Photofrin TI/T2 10 8 (80) [56]
1997 Foscan THT2 13 6 (46) [57]
T3/T4 7 4 (57)
1991 Photofrin TI 23 20 (87) [58]
1987 Photofrin Il TI/T2 8 7 (88) [59]
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treatments have rendered salvage surgery or re-irradiation not feasible. In the study by Lambert et al,** 76.9% of patients
achieved complete response and 42.3% of patients achieved local control. PDT is a valuable treatment modality that
induces durable local control in an important proportion of treated patients. In the palliative treatment, PDT can improve
the quality of life of patients with limited remaining treatment options.

Despite showing significant efficacy in the treatment of early and localized OSCC, PDT remains limited in its effectiveness
for deep-seated and metastatic lesions.®® This limitation may be due to insufficient penetration of PSs into deep tissues and the
inability of light to effectively reach deep tumor areas. Additionally, tumor angiogenesis and immune evasion mechanisms
may also affect the efficacy of PDT.** Furthermore, the selection and dosage of PSs need to be individualized based on specific
clinical situations to avoid unnecessary damage to normal tissues. Photodynamic therapy will increasingly rely on persona-
lized treatment plans, tailored to the patient’s genetic characteristics and the molecular subtype of the tumor, to achieve the best
therapeutic outcomes. Meanwhile, the high recurrence rate after PDT suggests the need for close follow-up and possible
adjuvant therapies to improve long-term efficacy.

Challenges and Future Directions of PDT for OSCC

Despite the promising results of PDT for OSCC, several challenges limit its widespread application. These challenges can be
broadly categorized into limitations of the PSs themselves and difficulties associated with treatment delivery. Additionally,
there’s a need for further research to optimize treatment protocols and personalize them for individual patients.

The Limitations and Challenges of PDT for OSCC

PDT still faces challenges, which related to the performance of PS, such as the lack of specific targeting of tumors and poor
stability.®> ¢ The first-generation PS is Hematoporphyrin Derivative, which has achieved certain clinical efficacy, but still has
shortcomings such as insufficient targeting accuracy, weak penetration ability, and large toxic side effects. The second-
generation PS overcomes many of the shortcomings. The third-generation PS combines a PS with a carrier which acts as
a targeted localization and alters the properties of the PS to facilitate the PS to reach the target tissue for more precise PDT
therapy.®” Light with a wavelength of about 635 nm is now widely used in clinical practice. Due to the shallow tissue
penetration depth, the PDT treatment depth is limited, which is only effective for superficial lesions.®® The efficacy of PDT is
also affected by the oxygen concentration in the tumor tissue. OSCC is usually in a hypoxic state, which means that the oxygen
concentration in the tumor tissue is lower than that in normal tissue.®® This is caused by factors such as the rapid growth of the
tumor, imperfections in the vascular system, and so on. In addition, PDT itself also consumes oxygen in the tumor tissue,
further aggravating the hypoxia problem. Therefore, how to increase the oxygen concentration in the tumor tissue is the key to
improve the PDT effect.

Unlike other parts of the body, photodynamic therapy (PDT) in the oral cavity is affected by the oral environmental
factors. There are many important, sensitive and vulnerable structures in the oral cavity. PDT usually requires attention to
protect normal tissues and organs, to avoid unnecessary damage or complications. Some adverse reactions may occur
after PDT treatment in the oral cavity, such as burns, edema, ulcers, bleeding, dysfunction, etc. Damage of the oral
anatomical structure may easily affect the patient’s oral function and quality of life. Saliva in the mouth may cause the
reduction of PS concentration, low efficiency of PDT, and also affect the irradiation of light source.

Currently, there is no unified standard or guideline to guide the PDT treatment process for OSCC. The efficiency of
PDT is affected by various factors, such as the choice and dosage of PS, the nature and intensity of the light source, and
the duration of irradiation. Different research centers and clinical institutions may adopt different PDT protocols,
resulting in less comparable and reproducible results. In addition, the lack of standard procedure may leave patients
feeling uncertain and anxious, which may affect their decision-making and acceptance.

Possible Solutions to Overcome These Challenges
Some strategies have been proposed to improve the efficiency of PDT (Figure 1). Nanotechnology-related PDT
enhancement strategies are currently a hotspot. For instance, the design and preparation of PS can be modified by

1

utilizing nanomaterials as carriers or enhancers,’® aims to enhance the properties and targeting of PSs,”' and make it

more suitable for oral cavity. Additionally, several strategies have been proposed to resolve the issue of inadequate light
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Figure | Efficiency enhancement strategies of PDT for OSCC. (a) PS. (1) enhance the oral cavity suitability: On the one hand, by improving the PS properties such as
persistence, so that it can resist the washing effect of saliva or prevent being swallowed. On the other hand, by improving the targeting of PSs, the side effects of PS on
healthy tissue can be reduced, thus improving the efficacy of PDT. (2) Nanotechnology in PDT: multifunctional nanoparticles with PSs. (b) Light source. (1) PCI: based on the
PS distributed in phagosomes, the compartmentalized macromolecules within the phagosomes are released under light-induced sensitization, allowing various biological
macromolecules that are not easily permeable across the plasma membrane to enter the cytoplasm from the phagosomes. (2) NIR light induced PDT: the PS simultaneously
absorbs two low-energy photons, transitioning to singlet state, which then generates a PS in the excited triplet state. This molecule undergoes energy transfer with ground-
state oxygen to produce '0,. (c) Oxygen. Three main strategies of oxygen enhancement in PDT: (I) exogenous oxygen delivery: using hyperbaric oxygen chamber or
carrier systems to deliver oxygen directly to the tumor to increase the local oxygen concentration and enhance the effect of PDT. (2) in situ oxygen production: using PS or
catalyst capable of decomposing peroxides or water to produce oxygen under light irradiation. (3) oxygen-independent treatment: adopting the Type | photosensitization
mechanism to avoid oxygen restriction.

Abbreviations: PDT, photodynamic therapy; PS, photosensitizer; NIR, near Infrared.

source penetration. Combining PS with two-photon absorbing materials allows for two-photon excitation in the near-
infrared (NIR) range and facilitates deep tissue penetration. Photochemical Internalization (PCI) facilitates the surmount-
ing of a principal obstacle to the efficacious delivery of therapeutic molecules: the membrane barrier of the endocytic
vesicles. The PSs, which localize within these vesicles, initiate photochemical reactions upon light activation, resulting in
the destruction of the endocytic membranes via ROS, and the liberation of the entrapped drugs into the cytoplasmic
matrix. To solve the problem of hypoxia, one method is to directly deliver exogenous oxygen directly to the tumor, such
as by hyperbaric oxygen therapy or by applying carrier systems to carry oxygen to the tissue. Another method is to
generate oxygen in situ, such as by using PSs or catalysts that have the ability to decompose peroxides or water. Besides,
using oxygen-independent type I photosensitization mechanism can avoid oxygen limitation.”> These strategies provide
new ideas and methods to improve the efficiency of PDT and expand its application range.

There are unique structures in the oral cavity, PDT should be performed with protection for normal tissues.
Additionally, the administration method should have high localization and persistence, which can keep the PS at the
lesion site for a long time, and avoid being washed by saliva or swallowed.”*"’* Lastly, a standard PDT procedure for
OSCC needs to be developed to ensure the quality and efficacy of the treatment. This requires based on a large number of
clinical trials and evidence-based medicine to formulate reasonable PDT parameters and steps, and take into account the
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individual differences of different patients and tumors. The long-term efficacy and complications of PDT for OSCC also
need to be monitored and evaluated to improve the safety and efficacy of PDT for OSCC.

In the future, standardized guidelines for PDT in OSCC should be established to provide clinicians with uniform
treatment standards. These standardized guidelines will facilitate the widespread clinical application of PDT in OSCC,
helping doctors choose the most appropriate PDT protocols and thereby improving efficacy. Additionally, the introduc-
tion of guidelines will help reduce potential side effects, enhancing patients’ quality of life. Furthermore, standardized
guidelines across countries will promote international collaboration, enabling researchers to compare different protocols
and advance the clinical application and innovation of PDT technology. The formulation of standardized guidelines
requires the collaboration of clinicians, researchers, medical organizations. By developing and implementing standar-
dized guidelines for PDT in OSCC, we can anticipate more effective and safer treatments in the future, benefiting more
patients.

Recent Advances of PDT for OSCC

The development of novel PSs may contribute to the application of photodynamic therapy in oral cancer.”” PDT in the
oral cavity is mainly used for local lesions. The tissues in the oral cavity are more accessible, and PSs are usually
administered by local application or injection, thereby lowering the systemic side effects. Saliva in the mouth may cause
the reduction of PS concentration, low efficiency of PDT, and also affect the irradiation of light source. Therefore, PSs
should possess high localization and persistence, which can keep their concentration at the lesion site for a long time, and
are resistant to being washed by saliva or swallowed. On the other hand, appropriate PS, light source, and irradiation time
also should be chosen to improve the efficiency of PDT.

The application of nanotechnology in PDT is currently a research focus. Nanomaterials, due to their excellent
properties, have been extensively studied for use in targeted delivery systems.”®”” These systems can increase the
local drug concentration at tumor sites, reduce toxicity to normal tissues, minimize side effects, and amplify the efficacy
of PDT.®” Nanoparticles have demonstrated great potential to address the major challenges of PDT through enhancing
targeted delivery into specific tissues and reach into deeper regions, or ameliorating hypoxic conditions.”®”® This new
technology has great potential to revolutionize PDT and bring it to the forefront of cancer treatment in the near future.
NPs can have two main functions in PDT: 1) active participants that stimulate PSs, and 2) passive carriers that deliver
PSs. An example of the former is self-lighting photodynamic therapy, a technique combines nanoparticles that exhibit
luminescence and scintillation properties when they are subjected to ionizing radiation with PDT, the scintillation
luminescence of the nanoparticles activates the PS. Ionizing radiation penetrates deeper than visible light, providing
a possible way to treat deep tumors more effectively. Zhang et al*® loaded salvianolic acid B (Sal B) and 5-ALA on
a nano-PS, which performed better in generating singlet oxygen than nano-Sal B and nano-ALA. As an illustration of
a secondary function, the research by Tao Y®' constructed dandelion-like size-shrinkable nanoparticles, serving as
carriers for the targeted tumor delivery of the hypoxia-regulating agent resveratrol and the photodynamic therapy
agent chlorin 6. These nanoparticles are capable of targeted accumulation within tumors. Resveratrol inhibited cellular
oxygen consumption, thereby providing ample oxygen to activate the production of ROS, which augments the effect of
photodynamic therapy, demonstrating promising prospects for the treatment of oral squamous cell carcinoma.

Passive targeting drug delivery systems are more commonly studied, and various nanoparticles encapsulating PSs
have been synthesized and proven to have good therapeutic effects. Liao et al®* synthesized Lipo-ICG particles using
membrane filtration technology, achieving an ICG encapsulation efficiency of 81.74%. The results showed that SAS-LN
cells effectively internalized Lipo-ICG, and significant apoptosis was observed after PDT. This demonstrates the broad
prospects of nanoparticles as carriers. An example of passive targeting drug delivery systems is the use of the enhanced
permeability and retention (EPR) effect to promote the specific accumulation of PSs in tumors. The EPR effect refers to
the phenomenon that large molecules or particles in circulation accumulate in tumor tissues due to the high permeability
of tumor vessels and the low reflux of the lymphatic system. Although the EPR effect has been shown to have expected
outcomes in preclinical in vitro studies, some issues are still need to be addressed. Some early tumors may not have
a significant EPR effects, because their vascular systems are relatively normal. The EPR effect relies on blood perfusion
and vascular permeability, while these factors are influenced by various tumor growth, treatment, hypoxia, etc., which
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may lead to uneven distribution of nanomedicines in tumors. In addition, the advantages of the EPR effect showed in
animal models have not been fully validated in human clinical trials, which may cause by the significant differences
between animal models and human tumors.

The rapid proliferation of tumors results in higher concentrations of H,O, in tumor cells compared to normal
tissues,®> making it a potential substrate for oxygen production within tumors. Lots of studies have focused on utilizing
catalyst-loaded nanocarriers to decompose H,O,, thereby enhancing the oxygen supply required for PDT, leading to the
development of in situ oxygen generation strategies. Upon delivery to the tumor site, these drugs react with oxygen-
containing compounds such as H,O, or H,O in the tumor microenvironment to produce oxygen. Zhu et al** synthesized
fluorinated chitosan-chlorin e6 (FC-Ce6) and combined it with catalase to form stable nanoparticles. These nanoparticles
effectively delivered catalase to tumor cells, significantly increasing intracellular oxygen levels and mitigating tumor
hypoxia. Both in vitro and in vivo experiments demonstrated their high anticancer efficacy and low toxicity.

PCI is a novel intervention derived from PDT, which enables the release of endocytosed macromolecules into the
cytoplasmic matrix. Both in vitro and in vivo models have demonstrated that PCI can enhance the effect of various types
of macromolecules and some small molecule anticancer drugs.® In a study by Ahmed A Sultan et al.*® University College
London Hospital performed a first-in-human trial, enrolling 22 patients with advanced malignancies. The study was designed
and conducted as an open, Phase I dose escalation study to assess the safety and tolerance of disulfonated tetraphenyl chlorin
(TPCS2a - PS) mediated photochemical internalization with bleomycin as the chemotherapeutic agent. The results indicated
that TPCS2a was a safe and tolerable PS for all patients. TPCS2a-mediated bleomycin PCI may provide an effective and
localized anticancer therapy, as it combines the synergistic action of photodynamic and chemotherapeutic treatments.
Significant antitumor effects were observed with all doses tested on several different types of tumors in patients with a life
expectancy of no more than a few months, but some of them still survived four years after the end of the trial.

PDT involving the PSs which can absorb either one photon in the UV-Vis range or two photons in the NIR range,®’
which offers a new opportunity for PDT to treat lesions that are otherwise inaccessible.®® Liu et al*® synthesized four
types of ruthenium (II) polypyridyl complexes as two-photon absorption PSs. These complexes showed negligible
toxicity in the absence of light, but they were highly effective in killing cancer cells under near-infrared TPE.

Biomarkers are substances or signals that can reflect the biological state or disease process of an organism. In order to
optimize and personalize PDT protocols, finding and utilizing biomarkers can be an important step. For example,
vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1o. (HIF-1a)) are biomarkers related to tumor
angiogenesis and hypoxia in oral cancer tissues, and their expression levels in oral cancer tissues can predict the
cytotoxicity of PDT to tumors.”® By detecting these biomarkers, we can stratify patients according to the risk of disease
recurrence or progression, and provide them with more personalized PDT treatment. At the same time, we can also
identify patients who may benefit from PDT or have adverse reaction risks, and guide the selection of appropriate PDT
protocols, avoiding unnecessary damage or waste. However, due to the complexity of tumor development and patient
heterogeneity,”' a single diagnostic biomarker has limited effectiveness in cancer diagnosis.”” In fact, a comprehensive
patient assessment may require the integration of multiple omics approaches to enhance its reliability and specificity.

Conclusions

PDT presents a promising minimally invasive and safe alternative or adjunctive treatment modality for treating OSCC.
Clinical trials and studies have shown its effectiveness in achieving local tumor control and potentially improving patient
quality of life. However, limitations such as PS performance, light penetration depth, tumor hypoxia, and challenges specific to
the oral cavity require further optimization. Currently, research in the field of PDT for OSCC has shifted towards investigating
the mechanisms of photodynamic therapy and exploring strategies to enhance its efficacy. Ongoing research in PS develop-
ment, nanotechnology, combination therapies, and biomarker identification offers exciting possibilities to overcome these
limitations. Nanotechnology enhances the performance of PSs, reducing damage to healthy tissues. However, the mechanisms
by which they enter tumors and exert their effects remain unclear.”*** Understanding these mechanisms is crucial for
optimizing the design of nanomedicines, ensuring targeting accuracy, and improving safety. Nanoparticles may accumulate
in the body over time, necessitating further pharmacokinetic and toxicological studies to confirm their safety.”> The
identification and application of biomarkers can aid in real-time monitoring of therapeutic responses, optimizing treatment

10706 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

plans, and achieving personalized precision medicine.”® Advances in genomics, proteomics, metabolomics, immunomics, and
microbiomics have expanded our understanding of OSCC progression, further facilitating biomarker discovery.
Photodynamic therapy is expected to become a more effective and widely used cancer treatment method in the future.
Standardization of PDT protocols will also be crucial for ensuring consistent and optimal treatment delivery.

Overall, although PDT shows great potential in the treatment of OSCC, its clinical application still requires further
optimization and validation. Further high-quality clinical trials are needed to confirm the long-term efficacy of PDT for
OSCC. Currently, the clinical guidelines for oral cancer treatment primarily recommend surgery combined with radio-
therapy and chemotherapy as the mainstream treatment methods.””*° However, it is noteworthy that PDT has been

approved by the FDA for the treatment of diseases' %11

such as esophageal cancer and lung cancer. Subsequently, many
countries have approved PDT for various indications,'® laying the foundation for its application in OSCC treatment.
With continuous technological advancements and in-depth clinical research, the potential of PDT in oral cancer treatment
will be further explored and validated. We have reason to believe that in the future, PDT will become an important
modality in the treatment of oral cancer, bringing more hope and better therapeutic outcomes for patients. By addressing
these challenges and capitalizing on advancements, PDT has the potential to become a valuable tool in the fight against

OSCC, improving patient outcomes and quality of life.

Abbreviations

OSCC, oral squamous cell carcinoma; PDT, photodynamic therapy; ROS, reactive oxygen species; OPMD, oral potentially
malignant disorder; 5-ALA, 5-aminolevulinic acid hydrochloride; CR, complete response; RR, recurrence rate; OR, overall
response; PS, photosensitizer; NIR, near Infrared; PCI, photochemical internalization; NP, nanoparticle; EPR, enhanced
permeability and retention effect; TPE, two-photon excitation; VEGF, vascular endothelial growth factor; HIF-1a, hypoxia
inducible factor-1a.

Funding

The study was supported by the National Natural Science Foundation of China (No. 82270989 and 81902772), Natural
Science Foundation of Liaoning Province (No. 2022-MS-206 and 2022-MS-200), Foundation of Liaoning Educational
Committee (No. JYTMS20230115) and Shenyang Young and Middle-aged Science and Technology Innovation Talent
Support Program (No.RC210038 and RC210041).

Disclosure
The authors declare that they have no competing interests.

References

1. Dizon DS, Kamal AH. Cancer statistics 2024: all hands on deck. CA Cancer J Clin. 2024;74:8-9. doi:10.3322/caac.21824
2. Mody MD, Rocco JW, Yom SS, Haddad RI, Saba NF. Head and neck cancer. Lancet. 2021;398:2289-2299. doi:10.1016/S0140-6736(21)01550-6
3. Bai -X-X, Zhang J, Wei L. Analysis of primary oral and oropharyngeal squamous cell carcinoma in inhabitants of Beijing, China—a 10-year
continuous single-center study. BMC Oral Health. 2020;20(1):208. doi:10.1186/s12903-020-01192-6
4. Warnakulasuriya S. Global epidemiology of oral and oropharyngeal cancer. Oral Oncol. 2009;45:309-316. doi:10.1016/j.oraloncology.2008.06.002
S. Burcher JT, DeLiberto LK, Allen AM, Kilpatrick KL, Bishayee A. Bioactive phytocompounds for oral cancer prevention and treatment:
a comprehensive and critical evaluation. Medicinal Research Reviews. 2023;43:2025-2085. doi:10.1002/med.21969
6. Shah JP, Gil Z. Current concepts in management of oral cancer--surgery. Oral Oncol. 2009;45:394—401. doi:10.1016/j.oraloncology.2008.05.017
7. Mosaddad SA, Mahootchi P, Rastegar Z, et al. Photodynamic therapy in oral cancer: a narrative review. Photobiomodul Photomed Laser Surg.
2023;41:248-264. doi:10.1089/photob.2023.0030
8. Yin Q, Yao Y, Zhang H, et al. Cascade nanoreactor employs mitochondrial-directed chemodynamic and 3-ALA-mediated photodynamic
synergy for deep-seated oral cancer therapy. Advanced Healthcare Materials. 2024;13:¢2304639. doi:10.1002/adhm.202304639
9. Cho WIJ, Kessel D, Rakowski J, et al. Photodynamic therapy as a potent radiosensitizer in head and neck squamous cell carcinoma. Cancers
(Basel). 2021;2021:13 doi:10.3390/cancers13061193
10. Huang SH, O’Sullivan B. Oral cancer: current role of radiotherapy and chemotherapy. Medicina oral, patologia oral y cirugia bucal. 2013;18:
€233-40. doi:10.4317/medoral.18772
11. Gusti-Ngurah-Putu EP, Huang L, Hsu YC. Effective combined photodynamic therapy with lipid platinum chloride nanoparticles therapies of
oral squamous carcinoma tumor inhibition. J Clin Med. 2019;2019:8 do0i:10.3390/jcm8122112
12. Johnson DEBB, Leemans CR. Head and neck squamous cell carcinoma. Nat Rev Dis Primers. 2020;6:92 doi:10.1038/s41572-020-00224-3

International Journal of Nanomedicine 2024:19 hetps: 10707
ove!


https://doi.org/10.3322/caac.21824
https://doi.org/10.1016/S0140-6736(21)01550-6
https://doi.org/10.1186/s12903-020-01192-6
https://doi.org/10.1016/j.oraloncology.2008.06.002
https://doi.org/10.1002/med.21969
https://doi.org/10.1016/j.oraloncology.2008.05.017
https://doi.org/10.1089/photob.2023.0030
https://doi.org/10.1002/adhm.202304639
https://doi.org/10.3390/cancers13061193
https://doi.org/10.4317/medoral.18772
https://doi.org/10.3390/jcm8122112
https://doi.org/10.1038/s41572-020-00224-3
https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

13. YuL, Liu Z, Xu W, et al. Towards overcoming obstacles of type II photodynamic therapy: endogenous production of light, photosensitizer, and
oxygen. Acta pharmaceutica Sinica B. 2024;14:1111-1131. doi:10.1016/j.apsb.2023.11.007

14. Fan W, Huang P, Chen X. Overcoming the Achilles’ heel of photodynamic therapy. Chem Soc Rev. 2016;45:6488—6519. doi:10.1039/
C6CS00616G

15. Wang Y, Staudinger JN, Mindt TL, Gasser G. Theranostics with photodynamic therapy for personalized medicine: to see and to treat.
Theranostics. 2023;13:5501-5544. doi:10.7150/thno.87363

16. Roschenko V, Ayoub AM, Engelhardt K, et al. Lipid-coated polymeric nanoparticles for the photodynamic therapy of head and neck squamous
cell carcinomas. Pharmaceutics. 2023;15:2412 doi:10.3390/pharmaceutics15102412

17. Rocha E, Bomfim L, Junior S, Santos G, Meira C, Soares M. Photodynamic therapy with an association of methylene blue and toluidine blue
promoted a synergic effect against oral squamous cell carcinoma. Cancers. 2023;15:5509 doi:10.3390/cancers15235509

18. Khosravi M, Shirani AM, Ostadsharif M, Saravani R. In vitro comparative effects of laser photodynamic therapy with methylene blue or
aminolevulinic acid on oral squamous cell carcinoma cell line. Dental Res J. 2023;20:89. doi:10.4103/1735-3327.384361

19. Ma Y, Qu S, Xu L, Lu H, Li B. An in vitro study of the effect of 5-ALA-mediated photodynamic therapy on oral squamous cell carcinoma.
BMC Oral Health. 2020;20:258. doi:10.1186/512903-020-01239-8

20. Yu L, Xu Z, Zhu G, et al. High-performance photodynamic therapy of tongue squamous cell carcinoma with multifunctional nano-verteporfin.
Int J Nanomed. 2024;19:2611-2623. doi:10.2147/1JN.S452060

21. Jerjes W, Upile T, Hamdoon Z, Alexander Mosse C, Morcos M, Hopper C. Photodynamic therapy outcome for T1/T2 NO oral squamous cell
carcinoma. Lasers Surg Med. 2011;43:463-469. doi:10.1002/1sm.21071

22. Siddiqui SA, Siddiqui S, Hussain MAB, et al. Clinical evaluation of a mobile, low-cost system for fluorescence guided photodynamic therapy of
early oral cancer in India. Photodiagnosis Photodyn Ther. 2022;38:102843. doi:10.1016/j.pdpdt.2022.102843

23. De Visscher SA, Melchers LJ, Dijkstra PU, et al. mTHPC-mediated photodynamic therapy of early stage oral squamous cell carcinoma:
a comparison to surgical treatment. Ann Surg Oncol. 2013;20:3076-3082. doi:10.1245/s10434-013-3006-6

24. Wang X, Jin J, Li W, Wang Q, Han Y, Liu H. Differential in vitro sensitivity of oral precancerous and squamous cell carcinoma cell lines to
S-aminolevulinic acid-mediated photodynamic therapy. Photodiagnosis Photodyn Ther. 2020;29:101554. doi:10.1016/j.pdpdt.2019.08.036

25. Qin J, Zhou C, Zhu M, et al. Iron chelation promotes 5-aminolaevulinic acid-based photodynamic therapy against oral tongue squamous cell
carcinoma. Photodiagnosis Photodyn Ther. 2020;31:101907. doi:10.1016/j.pdpdt.2020.101907

26. Pinto MAF, Ferreira CBR, de Lima BES, et al. Effects of 5-ALA mediated photodynamic therapy in oral cancer stem cells. J Photochem Photob
B Biol. 2022;235:112552. doi:10.1016/j.jphotobiol.2022.112552

27. Olek M, Machorowska-Pieniazek A, Czuba ZP, Cieslar G, Kawczyk-Krupka A. Immunomodulatory Effect of Hypericin-Mediated
Photodynamic Therapy on Oral Cancer Cells. Pharmaceutics. 2023;16:42. doi:10.3390/pharmaceutics16010042

28. Olek M, Machorowska-Pienigzek A, Czuba ZP, Cieslar G, Kawczyk-Krupka A. Effect of hypericin-mediated photodynamic therapy on the
secretion of soluble TNF receptors by oral cancer cells. Pharmaceutics. 2023;15:1279 doi:10.3390/pharmaceutics15041279

29. LiQ, Zhou R, Xie Y, Li Y, Chen Y, Cai X. Sulphur-doped carbon dots as a highly efficient nano-photodynamic agent against oral squamous cell
carcinoma. Cell Prolif. 2020;53:¢12786. doi:10.1111/cpr.12786

30. Zhang Z, Xu Y, Zhu T, et al. Hypoxia mitigation by manganese-doped carbon dots for synergistic photodynamic therapy of oral squamous cell
carcinoma. Front Bioeng Biotechnol. 2023;11:1153196. doi:10.3389/fbioe.2023.1153196

31. Kothari R, Venuganti VVK. Effect of oxygen generating nanozymes on indocyanine green and IR 820 mediated phototherapy against oral
cancer. J Photoch Photob B Biol. 2024;259:113002. doi:10.1016/j.jphotobiol.2024.113002

32. Jiang Y, Huang S, Ma H, et al. RNA-activatable near-infrared photosensitizer for cancer therapy. Journal of the American Chemical Society.
2024;146:25270-25281. doi:10.1021/jacs.4c09470

33. Pucelik B, Arnaut LG, Dabrowski JM. Lipophilicity of bacteriochlorin-based photosensitizers as a determinant for pdt optimization through the
modulation of the inflammatory mediators. J Clin Med. 2019;9:8. doi:10.3390/jcm9010008

34. Reginato E, Lindenmann J, Langner C, et al. Photodynamic therapy downregulates the function of regulatory T cells in patients with esophageal
squamous cell carcinoma. Photochem Photobiol Sci. 2014;13:1281-1289. doi:10.1039/c4pp00186a

35. Yu L, Zhu G, Zhang Z, et al. Nano-photosensitizer directed targeted phototherapy effective against oral cancer in animal model. /nt J Nanomed.
2023;18:6185-6198. doi:10.2147/1IN.S434917

36. Sahovaler A, Valic MS, Townson JL, et al. Nanoparticle-mediated photodynamic therapy as a method to ablate oral cavity squamous cell
carcinoma in preclinical models. Cancer Res Commun. 2024;4:796-810. doi:10.1158/2767-9764.CRC-23-0269

37. Zhang L, Pan K, Huang S, et al. Graphdiyne oxide-mediated photodynamic therapy boosts enhancive T-cell immune responses by increasing
cellular stiffness. Int J Nanomed. 2023;18:797-812. do0i:10.2147/1IN.S392998

38. Wei Z, Zou H, Liu G, et al. Peroxidase-mimicking evodiamine/indocyanine green nanoliposomes for multimodal imaging-guided theranostics
for oral squamous cell carcinoma. Bioact Mater. 2021;6:2144-2157. doi:10.1016/j.bioactmat.2020.12.016

39. Yang TS, Hsiao YC, Chiang YF, Chang CJ. Imaging and histopathological analysis of microvascular angiogenesis in photodynamic therapy for
oral cancer. Cancers. 2023;15:1110 doi:10.3390/cancers15041110

40. Marx V. Closing in on cancer heterogeneity with organoids. Nature Methods. 2024;21:551-554. doi:10.1038/341592-024-02231-8

41. Lin J, Ni G, Ding T, et al. Photodynamic therapy for oral squamous cell carcinoma: a systematic review and meta-analysis. International
Journal of Photoenergy. 2021;2021:6641358. doi:10.1155/2021/6641358

42. N S, I H, OK, SR, Al O S. Long-term effect of photodynamic therapy on oral squamous cell carcinoma and epithelial dysplasia.
Photodiagnosis Photodyn Ther. 2023;41:103246. doi:10.1016/j.pdpdt.2022.103246

43. lkeda H, Ohba S, Egashira K, Asahina I. The effect of photodynamic therapy with talaporfin sodium, a second-generation photosensitizer, on
oral squamous cell carcinoma: a series of eight cases. Photodiagnosis Photodyn Ther. 2018;21:176-180. doi:10.1016/j.pdpdt.2017.11.016

44. Toratani S, Tani R, Kanda T, Koizumi K, Yoshioka Y, Okamoto T. Photodynamic therapy using Photofrin and excimer dye laser treatment for
superficial oral squamous cell carcinomas with long-term follow up. Photodiagnosis Photodyn Ther. 2016;14:104—110. doi:10.1016/}.
pdpdt.2015.12.009

45. Ahn PH, Quon H, O’Malley BW, et al. Toxicities and early outcomes in a Phase 1 trial of photodynamic therapy for premalignant and early
stage head and neck tumors. Oral Oncol. 2016;55:37—42. doi:10.1016/j.oraloncology.2016.01.013

10708 e International Journal of Nanomedicine 2024:19

Dove!


https://doi.org/10.1016/j.apsb.2023.11.007
https://doi.org/10.1039/C6CS00616G
https://doi.org/10.1039/C6CS00616G
https://doi.org/10.7150/thno.87363
https://doi.org/10.3390/pharmaceutics15102412
https://doi.org/10.3390/cancers15235509
https://doi.org/10.4103/1735-3327.384361
https://doi.org/10.1186/s12903-020-01239-8
https://doi.org/10.2147/IJN.S452060
https://doi.org/10.1002/lsm.21071
https://doi.org/10.1016/j.pdpdt.2022.102843
https://doi.org/10.1245/s10434-013-3006-6
https://doi.org/10.1016/j.pdpdt.2019.08.036
https://doi.org/10.1016/j.pdpdt.2020.101907
https://doi.org/10.1016/j.jphotobiol.2022.112552
https://doi.org/10.3390/pharmaceutics16010042
https://doi.org/10.3390/pharmaceutics15041279
https://doi.org/10.1111/cpr.12786
https://doi.org/10.3389/fbioe.2023.1153196
https://doi.org/10.1016/j.jphotobiol.2024.113002
https://doi.org/10.1021/jacs.4c09470
https://doi.org/10.3390/jcm9010008
https://doi.org/10.1039/c4pp00186a
https://doi.org/10.2147/IJN.S434917
https://doi.org/10.1158/2767-9764.CRC-23-0269
https://doi.org/10.2147/IJN.S392998
https://doi.org/10.1016/j.bioactmat.2020.12.016
https://doi.org/10.3390/cancers15041110
https://doi.org/10.1038/s41592-024-02231-8
https://doi.org/10.1155/2021/6641358
https://doi.org/10.1016/j.pdpdt.2022.103246
https://doi.org/10.1016/j.pdpdt.2017.11.016
https://doi.org/10.1016/j.pdpdt.2015.12.009
https://doi.org/10.1016/j.pdpdt.2015.12.009
https://doi.org/10.1016/j.oraloncology.2016.01.013
https://www.dovepress.com
https://www.dovepress.com

Dove

Zhang et al

46.

47.

48.

49.

50.

S1.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ikeda H, Tobita T, Ohba S, Uehara M, Asahina I. Treatment outcome of Photofrin-based photodynamic therapy for T1 and T2 oral squamous
cell carcinoma and dysplasia. Photodiagnosis Photodyn Ther. 2013;10:229-235. doi:10.1016/j.pdpdt.2013.01.006

Karakullukcu B, Stoker SD, Wildeman AP, Copper MP, Wildeman MA, Tan IB. A matched cohort comparison of mTHPC-mediated
photodynamic therapy and trans-oral surgery of early stage oral cavity squamous cell cancer. Eur Arch Otorhinolaryngol.
2013;270:1093-1097. doi:10.1007/s00405-012-2104-6

Karakullukcu B, Nyst HJ, van Veen RL, et al. mTHPC mediated interstitial photodynamic therapy of recurrent nonmetastatic base of tongue
cancers: development of a new method. Head & Neck. 2012;34:1597-1606. doi:10.1002/hed.21969

Karakullukcu B, van Oudenaarde K, Copper MP, et al. Photodynamic therapy of early stage oral cavity and oropharynx neoplasms: an outcome
analysis of 170 patients. Eur Arch Otorhinolaryngol. 2011;268:281-288. doi:10.1007/s00405-010-1361-5

Jerjes W, Upile T, Hamdoon Z, et al. Photodynamic therapy: the minimally invasive surgical intervention for advanced and/or recurrent tongue
base carcinoma. Lasers in Surgery and Medicine. 2011;43:283-292. doi:10.1002/Ism.21048

Biel MA. Photodynamic therapy of head and neck cancers. Methods Mol Biol. 2010;635:281-293 doi:10.1007/978-1-60761-697-9 18

Rigual NR, Thankappan K, Cooper M, et al. Photodynamic therapy for head and neck dysplasia and cancer. Arch Otolaryngol Head Neck Surg.
2009;135:784—788. doi:10.1001/archoto.2009.98

Copper MP, Triesscheijn M, Tan IB, Ruevekamp MC, Stewart FA. Photodynamic therapy in the treatment of multiple primary tumours in the
head and neck, located to the oral cavity and oropharynx. Clin Otolaryngol. 2007;32:185-189. doi:10.1111/j.1365-2273.2007.01441.x
Hopper C, Kiibler A, Lewis H, Tan IB, Putnam G. mTHPC-mediated photodynamic therapy for early oral squamous cell carcinoma.
Int J Cancer. 2004;111:138-146. doi:10.1002/ijc.20209

Dilkes MG, Benjamin E, Ovaisi S, Banerjee AS. Treatment of primary mucosal head and neck squamous cell carcinoma using photodynamic
therapy Results after 25 treated cases. J Laryngol Otol. 2003;117:713—717. doi:10.1258/002221503322334558

Schweitzer VG. Photofrin-mediated photodynamic therapy for treatment of early stage oral cavity and laryngeal malignancies. Lasers in
Surgery and Medicine. 2001;29:305-313. doi:10.1002/1sm.1133

Fan KFM, Hopper C, Speight PM, Buonaccorsi GA, Bown SG. Photodynamic therapy using mTHPC for malignant disease in the oral cavity.
Internat J Can. 1997;73:25-32. doi:10.1002/(SICI)1097-0215(19970926)73:1<25::AID-1JC5>3.0.CO;2-3

Gluckman JL. Hematoporphyrin photodynamic therapy: is there truly a future in head and neck oncology? Reflections on a 5-year experience.
Laryngoscope. 1991;101:36—42. doi:10.1288/00005537-199101000-00007

Grossweiner LIH, Lobraico RV, Lobraico RV. Photodynamic therapy of head and neck squamous cell carcinoma Optical dosimetry and clinical
trial. Photochem Photobiol. 1987;46:911-917. doi:10.1111/.1751-1097.1987.tb04868.x

Mosaddad SA, Namanloo RA, Aghili SS, et al. Photodynamic therapy in oral cancer: a review of clinical studies. Med Oncol. 2023;40:91.
doi:10.1007/512032-023-01949-3

Vander Poorten V, Meulemans J, Nuyts S, et al. Postoperative photodynamic therapy as a new adjuvant treatment after robot-assisted salvage
surgery of recurrent squamous cell carcinoma of the base of tongue. World J Surg Oncol. 2015;13:214. doi:10.1186/s12957-015-0630-6
Lambert A, Nees L, Nuyts S, et al. Photodynamic therapy as an alternative therapeutic tool in functionally inoperable oral and oropharyngeal
carcinoma: a single tertiary center retrospective cohort analysis. Front Oncol. 2021;11:626394. doi:10.3389/fonc.2021.626394

Kazemi KS, Kazemi P, Mivehchi H, et al. Photodynamic therapy: a novel approach for head and neck cancer treatment with focusing on oral
cavity. Biolog proced online. 2024;26:25. doi:10.1186/512575-024-00252-3

Tian L, Goldstein A, Wang H, et al. Mutual regulation of tumour vessel normalization and immunostimulatory reprogramming. Nature.
2017;544:250-254. doi:10.1038/nature21724

Dai H, Yan H, Dong F, et al. Tumor-targeted biomimetic nanoplatform precisely integrates photodynamic therapy and autophagy inhibition for
collaborative treatment of oral cancer. Biomaterials Science. 2022;10:1456-1469. doi:10.1039/D1BM01780B

Wu W, Shi L, Duan Y, et al. Nanobody modified high-performance AIE photosensitizer nanoparticles for precise photodynamic oral cancer
therapy of patient-derived tumor xenograft. Biomaterials. 2021;274:120870. doi:10.1016/j.biomaterials.2021.120870

Li L, Nurunnabi N, Lee YK, Huh KM, Huh KM. GSH-mediated photoactivity of pheophorbide a-conjugated heparin/gold nanoparticle for
photodynamic therapy. J Controll Rel. 2013;171:241-250. doi:10.1016/j.jconrel.2013.07.002

Dinakaran D, Wilson BC. The use of nanomaterials in advancing photodynamic therapy (PDT) for deep-seated tumors and synergy with
radiotherapy. Front Bioeng Biotechnol. 2023;11:1250804. doi:10.3389/fbioe.2023.1250804

Xu'Y, Yang L, Wang C, et al. Ferroptosis boosted oral cancer photodynamic therapy by carrier-free Sorafenib-Ce6 self-assembly nanoparticles.
J Controll Rel. 2024;366:798-811. doi:10.1016/j.jconrel.2023.12.056

Fan X, Lv S, Lv F, et al. Type-I photodynamic therapy induced by Pt-coordination of type-1I photosensitizers into supramolecular complexes.
Chemistry. 2024;30:¢202304113 doi:10.1002/chem.202304113

Huang T, Ji H, Yan S, et al. A hypochlorite-activated strategy for realizing fluorescence turn-on, type I and type II ROS-combined
photodynamic tumor ablation. Biomaterials. 2023;297:122108. doi:10.1016/j.biomaterials.2023.122108

Zhao M, Zhang Y, Miao J, et al. An activatable phototheranostic probe for anti-hypoxic type I Photodynamic- and immuno-therapy of cancer.
Advanced Materials. 2024;36:€2305243. doi:10.1002/adma.202305243

Balian G, Luiz MT, Filippo LDD, Chorilli M. Mucoadhesive liquid crystal precursor system for photodynamic therapy of oral cancer mediated
by methylene blue. Photodiagnosis Photodyn Ther. 2023;44:103739. doi:10.1016/j.pdpdt.2023.103739

Wang X, Yuan Z, Tao A, et al. Hydrogel-based patient-friendly photodynamic therapy of oral potentially malignant disorders. Biomaterials.
2022;281:121377. doi:10.1016/j.biomaterials.2022.121377

Liu X, Zhan W, Gao G, et al. Apoptosis-amplified assembly of porphyrin nanofiber enhances photodynamic therapy of oral tumor. J Am Chem
Soc. 2023;145:7918-7930. doi:10.1021/jacs.2c13189

Xiao L, Feng M, Chen C, Xiao Q, Cui Y, Zhang Y. Microenvironment-regulating drug delivery nanoparticles for treating and preventing typical
biofilm-induced oral diseases. Adv Mater. 2023;e2304982. doi:10.1002/adma.202304982

Zeng S, Chen J, Gao R, et al. NIR-II Photoacoustic Imaging-Guided Oxygen Delivery and Controlled Release Improves Photodynamic Therapy
for Hepatocellular Carcinoma. Advanced Materials (Deerfield Beach, Fla). 2024;36:¢2308780. doi:10.1002/adma.202308780

Yang L, Huang B, Hu S, et al. Indocyanine green assembled free oxygen-nanobubbles towards enhanced near-infrared induced photodynamic
therapy. Nano Research. 2022;15:4285-4293. doi:10.1007/s12274-022-4085-0

International Journal of Nanomedicine 2024:19 hetps: 10709

ove!


https://doi.org/10.1016/j.pdpdt.2013.01.006
https://doi.org/10.1007/s00405-012-2104-6
https://doi.org/10.1002/hed.21969
https://doi.org/10.1007/s00405-010-1361-5
https://doi.org/10.1002/lsm.21048
https://doi.org/10.1007/978-1-60761-697-9_18
https://doi.org/10.1001/archoto.2009.98
https://doi.org/10.1111/j.1365-2273.2007.01441.x
https://doi.org/10.1002/ijc.20209
https://doi.org/10.1258/002221503322334558
https://doi.org/10.1002/lsm.1133
https://doi.org/10.1002/(SICI)1097-0215(19970926)73:1%3C25::AID-IJC5%3E3.0.CO;2-3
https://doi.org/10.1288/00005537-199101000-00007
https://doi.org/10.1111/j.1751-1097.1987.tb04868.x
https://doi.org/10.1007/s12032-023-01949-3
https://doi.org/10.1186/s12957-015-0630-6
https://doi.org/10.3389/fonc.2021.626394
https://doi.org/10.1186/s12575-024-00252-3
https://doi.org/10.1038/nature21724
https://doi.org/10.1039/D1BM01780B
https://doi.org/10.1016/j.biomaterials.2021.120870
https://doi.org/10.1016/j.jconrel.2013.07.002
https://doi.org/10.3389/fbioe.2023.1250804
https://doi.org/10.1016/j.jconrel.2023.12.056
https://doi.org/10.1002/chem.202304113
https://doi.org/10.1016/j.biomaterials.2023.122108
https://doi.org/10.1002/adma.202305243
https://doi.org/10.1016/j.pdpdt.2023.103739
https://doi.org/10.1016/j.biomaterials.2022.121377
https://doi.org/10.1021/jacs.2c13189
https://doi.org/10.1002/adma.202304982
https://doi.org/10.1002/adma.202308780
https://doi.org/10.1007/s12274-022-4085-0
https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

79. Hu S, Huang B, Pu Y, et al. A thermally activated delayed fluorescence photosensitizer for photodynamic therapy of oral squamous cell
carcinoma under low laser intensity. J Mater Chem B. 2021;9:5645-5655. doi:10.1039/D1TB00719J
80. Zhang Y, Ye S, Zhou Y, et al. Salvianolic acid B as a potent nano-agent for enhanced ALA-PDT of oral cancer and leukoplakia cells. Oral Dis.
2023;30:1 doi:10.1111/0di.14525
81. Tao Y, Liu Y, Dong Z, et al. Cellular hypoxia mitigation by dandelion-like nanoparticles for synergistic photodynamic therapy of oral squamous
cell carcinoma. ACS Appl Mater Interfaces. 2022;14:44039-44053. doi:10.1021/acsami.2¢c10021
82. Liao WT, Chang DM, Lin MX, Lee JW, Tung YC, Hsiao JK. Indocyanine-green-loaded liposomes for photodynamic and photothermal
therapies: inducing apoptosis and ferroptosis in cancer cells with implications beyond oral cancer. Pharmaceutics. 2024;16:224. doi:10.3390/
pharmaceutics16020224
83. Chu Z, Yang J, Zheng W, Sun J, Wang W, Qian H. Recent advances on modulation of H,O, in tumor microenvironment for enhanced cancer
therapeutic efficacy. Coord Chem Rev. 2023;481:215049. doi:10.1016/j.ccr.2023.215049
84. Zhu T, Shi L, Ma C, et al. Fluorinated chitosan-mediated intracellular catalase delivery for enhanced photodynamic therapy of oral cancer.
Biomat Sci. 2021;9:658—662. doi:10.1039/DOBM01898H
85. Jerjes W, Theodossiou TA, Hirschberg H, et al. Photochemical internalization for intracellular drug delivery. From basic mechanisms to clinical
research. J Clin Med. 2020;9:528. doi:10.3390/jcm9020528
86. Sultan AA, Jerjes W, Berg K, et al. Disulfonated tetraphenyl chlorin (TPCS2a)-induced photochemical internalisation of bleomycin in patients
with solid malignancies: a phase 1, dose-escalation, first-in-man trial. Lancet Oncol. 2016;17:1217-1229. doi:10.1016/S1470-2045(16)30224-8
87. Nasrin A, Hassan M, Gomes VG. Two-photon active nucleus-targeting carbon dots: enhanced ROS generation and photodynamic therapy for
oral cancer. Nanoscale. 2020;12:20598-20603. doi:10.1039/DONR05210H
88. Huang Y, Qiu F, Chen R, Yan D, Zhu X. Fluorescence resonance energy transfer-based drug delivery systems for enhanced photodynamic
therapy. Journal of Materials Chemistry B. 2020;8:3772-3788. doi:10.1039/D0TB00262C
89. Liu J, Chen Y, Li G, et al. Ruthenium(Il) polypyridyl complexes as mitochondria-targeted two-photon photodynamic anticancer agents.
Biomaterials. 2015;56:140—153. doi:10.1016/j.biomaterials.2015.04.002
90. Chen WH, Lecaros RL, Tseng YC, Huang L, Hsu YC. Nanoparticle delivery of HIFlalpha siRNA combined with photodynamic therapy as
a potential treatment strategy for head-and-neck cancer. Cancer Lett. 2015;359:65-74. doi:10.1016/j.canlet.2014.12.052
91. Turajlic S, Sottoriva A, Graham T, Swanton C. Resolving genetic heterogeneity in cancer. Nature Reviews Genetics. 2019;20:404—416.
doi:10.1038/s41576-019-0114-6
92. Mani DR, Krug K, Zhang B, et al. Cancer proteogenomics: current impact and future prospects. Nature Reviews Cancer. 2022;22:298-313.
doi:10.1038/541568-022-00446-5
93. Nguyen LNM, Lin ZP, Sindhwani S, et al. The exit of nanoparticles from solid tumours. Nature Materials. 2023;22:1261-1272. doi:10.1038/
s41563-023-01630-0
94. Anchordoquy T, Artzi N, Balyasnikova IV, et al. Mechanisms and barriers in nanomedicine: progress in the field and future directions. 4CS
nano. 2024;18:13983-13999. doi:10.1021/acsnano.4c00182
95. Gao J, Song Q, Gu X, et al. Intracerebral fate of organic and inorganic nanoparticles is dependent on microglial extracellular vesicle function.
Nature Nanotechnology. 2024;19:376-386. doi:10.1038/s41565-023-01551-8
96. Radaic A, Kamarajan P, Cho A, et al. Biological biomarkers of oral cancer. Periodontology 2000. 2023;00:1-31 doi:10.1111/prd.12542
97. Baus-Dominguez M, Rizo-Gorrita M, Herrdez-Galindo C, et al. Clinical practice guideline of the Spanish society of oral surgery for dental care
in patients with oral cancer. Medicina oral, patologia oral y cirugia bucal. 2024;29:e67—e77. doi:10.4317/medoral.26064
98. Cherupalla B, Warren J, Kane A, Trendle M, Tassone P. Guideline-compliant adjuvant chemotherapy for resected high risk oral cavity cancer:
homefield advantage. Am J Otolaryngol. 2024;45:104051. doi:10.1016/j.amjot0.2023.104051
99. Pfister DG, Spencer S, Adelstein D, et al. Head and neck cancers, version 2.2020, NCCN clinical practice guidelines in oncology. J Nat
Compreh Can Netw. 2020;18:873-898 doi:10.6004/jncen.2020.003 1
100. Yu BX, Liu YB, Chen XY, et al. Self-Assembled PD-L1 downregulator to boost photodynamic activated tumor immunotherapy through CDK5
inhibition. Small (Weinheim an der Bergstrasse. 2024;20:¢2311507. doi:10.1002/smll.202311507
101. Chandratre S, Olsen J, Howley R, Chen B. Targeting ABCG2 transporter to enhance S-aminolevulinic acid for tumor visualization and
photodynamic therapy. Biochemical Pharmacology. 2023;217:115851. doi:10.1016/j.bcp.2023.115851
102. Quaye MB, Obaid G. Recent strides in macromolecular targeted photodynamic therapy for cancer. Curr Opin Chem Biol. 2024;81:102497.
doi:10.1016/j.cbpa.2024.102497

International Journal of Nanomedicine Dove

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

10710 0y in g Do International Journal of Nanomedicine 2024:19


https://doi.org/10.1039/D1TB00719J
https://doi.org/10.1111/odi.14525
https://doi.org/10.1021/acsami.2c10021
https://doi.org/10.3390/pharmaceutics16020224
https://doi.org/10.3390/pharmaceutics16020224
https://doi.org/10.1016/j.ccr.2023.215049
https://doi.org/10.1039/D0BM01898H
https://doi.org/10.3390/jcm9020528
https://doi.org/10.1016/S1470-2045(16)30224-8
https://doi.org/10.1039/D0NR05210H
https://doi.org/10.1039/D0TB00262C
https://doi.org/10.1016/j.biomaterials.2015.04.002
https://doi.org/10.1016/j.canlet.2014.12.052
https://doi.org/10.1038/s41576-019-0114-6
https://doi.org/10.1038/s41568-022-00446-5
https://doi.org/10.1038/s41563-023-01630-0
https://doi.org/10.1038/s41563-023-01630-0
https://doi.org/10.1021/acsnano.4c00182
https://doi.org/10.1038/s41565-023-01551-8
https://doi.org/10.1111/prd.12542
https://doi.org/10.4317/medoral.26064
https://doi.org/10.1016/j.amjoto.2023.104051
https://doi.org/10.6004/jnccn.2020.0031
https://doi.org/10.1002/smll.202311507
https://doi.org/10.1016/j.bcp.2023.115851
https://doi.org/10.1016/j.cbpa.2024.102497
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Studies and Clinical Trials on PDT for OSCC
	In vitro Studies on PDT for OSCC
	In vivo Studies on PDT for OSCC
	Human Clinical Trials on PDT for OSCC

	Challenges and Future Directions of PDT for OSCC
	The Limitations and Challenges of PDT for OSCC
	Possible Solutions to Overcome These Challenges

	Recent Advances of PDT for OSCC
	Conclusions
	Abbreviations
	Funding
	Disclosure

