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Abstract

Oral cancers, specifically oral squamous cell carcinoma (OSCC), pose a significant global health challenge, with
high incidence and mortality rates. Conventional treatments such as surgery, radiotherapy, and chemotherapy
have limited effectiveness and can result in adverse reactions. However, as an alternative, photodynamic therapy
(PDT) has emerged as a promising option for treating oral cancers. PDT involves using photosensitizing agents

in conjunction with specific light to target and destroy cancer cells selectively. The photosensitizers accumulate
in the cancer cells and generate reactive oxygen species (ROS) upon exposure to the activating light, leading to
cellular damage and ultimately cell death. PDT offers several advantages, including its non-invasive nature, absence
of known long-term side effects when administered correctly, and cost-effectiveness. It can be employed as a
primary treatment for early-stage oral cancers or in combination with other therapies for more advanced cases.
Nonetheless, it is important to note that PDT is most effective for superficial or localized cancers and may not be
suitable for larger or deeply infiltrating tumors. Light sensitivity and temporary side effects may occur but can be
managed with appropriate care. Ongoing research endeavors aim to expand the applications of PDT and develop
novel photosensitizers to further enhance its efficacy in oral cancer treatment. This review aims to evaluate the
effectiveness of PDT in treating oral cancers by analyzing a combination of preclinical and clinical studies.
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Introduction

The International Agency for Research on Cancer
recorded 744,994 diagnoses of mouth and oral cancer in
the year 2020, with a grim outcome of 364,339 lives lost.
Meanwhile, the Oral Cancer Foundation provides a stag-
gering estimate of 657,000 new cases and over 330,000
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annual deaths attributed to cancers of the oral cavity and
oropharynx. These figures underscore the urgent need
for more effective prevention and treatment strategies in
the global fight against oral cancer [1]. Oral and mouth
cancers typically impact various regions, including the
tongue, floor of the mouth, cheek lining, hard palate, lips,
soft palate, and gums [2].

Oral cancer, particularly oral squamous cell carcinoma
(OSCCQ), is one of the ten most common cancers world-
wide, accounting for more than 90% of all malignant oral
tumors. It typically develops in the paranasal sinuses, lar-
ynx, nasal and oral cavities, and pharynx. OSCC is often
marked by late-stage diagnosis, unfavorable prognosis,
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vague symptoms, and high treatment costs [3]. HNSCC,
or Head and Neck Squamous Cell Carcinoma, impacts
an estimated 600,000 individuals worldwide annually.
This type of cancer is responsible for taking the lives of
40-50% of those diagnosed. The origin of HNSCC can be
traced back to the epithelial cells located in the larynx,
hypopharynx, oral cavity, and oropharynx [4].

Although there have been considerable advances in the
5-year survival rates for head and neck cancer, particu-
larly in advanced stages, the overall prognosis remains
unsatisfactory, especially in the early stages. The global
cancer-related mortality rate for head and neck cancer
was 5.7% in 2009 [5]. Further, in 2012, there were 690,000
reported cases and 375,000 deaths from head and neck
cancer worldwide, with developing countries account-
ing for 67% of new cases and 82% of related deaths [6].
The emergence of oral cancer can be attributed to various
factors, such as tobacco and alcohol use, viral infections
dietary, habits and nutrition, ethnicity and race, occupa-
tional hazards, oral candidiasis (thrush), syphilis, weak-
ened immune system, and genetic predisposition [7-9].

Current treatments for oral cancer, including surgery,
radiotherapy, and chemotherapy, have limited effective-
ness and common adverse reactions. Prognosis is gener-
ally poor, with disfigurement from surgery and difficulties
in swallowing, chewing, and talking from chemotherapy
and radiotherapy. There is a growing need for safer and
more effective treatment methods with fewer side effects
for individuals with oral cancer [10-13].

Photodynamic therapy (PDT) has emerged as a promis-
ing alternative for treating various cancers, including oral
cancers, due to its advantages over conventional thera-
peutic agents, despite certain limitations and adverse
effects [14, 15]. PDT is a treatment that combines the use
of special drugs called photosensitizing agents and light

Photosensitizes

to target and destroy cancer cells. This therapy is also
utilized for treating other health conditions such as pso-
riasis, acne, and infections. The procedure involves two
main steps: The administration of the photosensitizer
and the exposure of the tumor to a specific light source.

During the treatment, the photosensitizing agent is
administered to the patient orally, topically, or intrave-
nously, depending on the tumor’s location. The cancer
cells absorb the drug over a specific duration. Subse-
quently, the tumor is exposed to a specific type of light,
which activates the photosensitizer, leading to a chemi-
cal reaction that generates a unique oxygen molecule that
is responsible for the destruction of the cancer cells [16,
17].

Photosensitizers play a crucial role in PDT by selec-
tively accumulating in targeted cells and becoming acti-
vated upon exposure to specific wavelengths of light.
Indeed, when the area is exposed to the appropriate acti-
vating light, the photosensitizer undergoes a chemical
reaction, generating reactive oxygen species (ROS) that
damage cellular components and ultimately lead to cell
death. Photosensitizers used in PDT can be classified into
different types based on their structures; they include
dye-, chlorin-, porphyrin-, xanthene-, and monoterpene-
based photosensitizers. The choice of a photosensitizer
depends on factors like the medical condition, tissue pen-
etration requirements, and the light source used for acti-
vation [18-21].

The light used in PDT can come from lasers or light-
emitting diodes (LEDs), depending on the type and loca-
tion of the cancer being treated. Notably, the duration of
PDT treatment sessions ranges from 15 to 90 min, and
the timeline for observing results depends on individual
factors, the type of photosensitizer used, and the pre-
scribed treatment plan [22-24].
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As per findings, PDT is FDA-approved for the treat-
ment of esophageal and lung cancers, as well as actinic
keratosis [14, 25, 26], while ongoing research seeks
to develop new PDT drugs and explore combinations
with other treatments to enhance its effectiveness for a
broader range of conditions. Noteworthy, PDT can be
used as an effective treatment option for certain types
and stages of oral cancers, including those affecting the
lips, tongue, cheeks, floor of the mouth, palate, and other
soft tissues. This activates the photosensitizer, lead-
ing to the generation of ROS that selectively damage
and destroy cancer cells. PDT can be used as a primary
treatment for early-stage oral cancers or in combination
with other therapies for more advanced cases. It is par-
ticularly beneficial for treating difficult-to-access lesions
or patients who are not suitable for extensive surgery
[27-29].

Indeed, PDT offers several advantages compared to
alternative treatments, such as the absence of known
long-term side effects when administered correctly, its
less invasive nature in comparison to surgery, and the
possibility of repeating the procedure if needed. PDT
also minimizes scarring and provides a cost-effective
option for patients. However, there are limitations to
consider. It is most effective for superficial or localized
cancers that can be reached by light, making it unsuitable
for large cancers or those deeply infiltrating the skin or
organs. Additionally, individuals undergoing PDT experi-
ence light sensitivity for a specific period, requiring post-
treatment precautions to be taken into account. Notably,
temporary side effects such as light sensitivity, swelling,
or pain may occur but can be managed with appropriate
care [16, 30-32].

This review aims to elucidate the utilization of PDT
in the treatment of oral cancers, evaluating its effective-
ness and addressing the challenges associated with its
application through an analysis of preclinical and clinical
studies.

Mechanisms of PDT

PDT operates by using a combination of a photosensi-
tizer drug, light at or near the absorbance wavelength of
the drug, and oxygen to selectively destroy target cells,
such as cancer cells. The photosensitizer drug is intro-
duced into the patient’s body, where it selectively accu-
mulates in the target cells. Once the drug accumulates in
the target cells, the light is applied to activate the drug,
which then reacts with oxygen to produce a form of oxy-
gen that destroys the target cells [33, 34].

In PDT, the photosensitizer drug is introduced into the
patient’s body and selectively accumulates in the target
cells. Once the drug has accumulated in the target cells, it
is activated by light at its specific absorbance wavelength.
The absorption of light by the photosensitizer molecule
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causes a transition from its low-energy ground state
(singlet state) to a higher-energy state (singlet-excited
state). In this singlet-excited state, the photosensitizer’s
electrons occupy orbitals with higher energy levels. This
activated state of the photosensitizer is what allows it to
react with oxygen and produce the form of oxygen that
destroys the target cells [20, 35-39]. After the photo-
sensitizer molecule is activated by light and transitions
from its low-energy ground state to the higher-energy
singlet-excited state, it is not stable and quickly dissi-
pates its energy through various mechanisms. This can
occur through the emission of light at a higher wave-
length (lower energy), a process known as fluorescence.
The absorbed energy can also be converted into heat
through a process called internal conversion. Alterna-
tively, the excited photosensitizer can undergo intersys-
tem crossing, a process in which the spin of the electron
is changed, transitioning the molecule to an excited trip-
let state. In this triplet state, the photosensitizer molecule
exhibits three spectral lines of light absorption, instead of
the single line seen in the singlet state. This triplet state is
what allows the photosensitizer to react with oxygen and
produce the form of oxygen that destroys the target cells
[20, 35-39].

During PDT, two primary types of reactions occur:
Type I and Type II [20, 35-41].

Type I reaction: The photosensitizer in the triplet state
interacts with neighboring molecules, which may act as
electron donors or acceptors, leading to the formation of
radical anions or radical cations. These radicals can then
react with molecular oxygen (O2) to produce ROS such
as superoxide radical (O2-+), hydrogen peroxide (H202),
and hydroxyl radicals (HO»). These ROS cause oxidative
damage to proteins, nucleic acids, and lipids within the
target cells, leading to cell death.

Type II reaction: The energy of the triplet-state photo-
sensitizer is transferred to ground-state triplet molecular
02, resulting in the formation of highly reactive singlet
oxygen (*O2). Singlet oxygen is a potent cytotoxic agent
that can oxidize and damage various cellular compo-
nents, leading to cell death.

Of note, a Type III mechanism has also been described
in PDT, where excited photosensitizers can directly
degrade nucleic acids and proteins. This oxygen-indepen-
dent mechanism contributes to the cytotoxic effects of
PDT.

In summary, PDT uses a photosensitizer drug that is
activated by light, which then reacts with oxygen to pro-
duce various forms of ROS and other cytotoxic agents
that damage and destroy the target cells [20, 35-41].
(Fig. 1)

PDT induces cytotoxicity in target cells through vari-
ous pathways. Apoptosis, a programmed cell death pro-
cess, is a common mode of cell death observed in PDT.
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Fig. 1 Mechanisms of PDT. PDT encompasses two main reactions: Type | and Type II. In Type | reactions, the photosensitizer interacts with nearby mol-
ecules, forming radical anions or cations, which then react with molecular oxygen to produce ROS like superoxide anions and hydroxyl radicals. These ROS
cause oxidative damage to cellular components, including lipids, proteins, and DNA, leading to cellular dysfunction and death. Type Il reactions involve
the transfer of energy from the excited photosensitizer to ground-state molecular oxygen, producing singlet oxygen, a highly reactive form of oxygen
that directly oxidizes biological molecules, causing similar oxidative stress and damage. The combined effects of these reactions create an environment
of oxidative stress, overwhelming the cell’s antioxidant defenses, disrupting cellular homeostasis, and triggering cell death pathways such as apoptosis,
necrosis, and autophagy. This dual mechanism makes PDT an effective treatment for targeting and destroying cancer cells. ground-state

PDT
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Fig. 2 PDT induces cytotoxicity in target cancer cells through mecha-
nisms involving apoptosis, autophagy, and the modulation of signaling
pathways. Apoptosis is driven by caspase activation, mitochondrial dys-
function, and ER stress, which collectively initiate programmed cell death.
Additionally, PDT can trigger autophagy, a process where cells degrade
and recycle their components, which may lead to cell death if the damage
is extensive. Key signaling pathways such as NF-kB/JNK and PI3K/Akt are
also influenced by PDT, where their modulation can enhance the apoptot-
ic response. This combination of mechanisms ensures that PDT effectively
targets and destroys cancer cells while minimizing damage to surround-
ing healthy tissue

It involves cell shrinkage, DNA fragmentation, and the
formation of apoptotic bodies. PDT can activate specific
signaling pathways, such as the NF-xB/JNK pathway and
PI3K/Akt, and involve caspase activation to induce apop-
tosis in cancer cells. PDT can also induce autophagy, a

cellular process involving the degradation and recycling
of cellular components [42-44]. Additionally, PDT can
trigger the intrinsic pathway by disrupting mitochon-
drial function, leading to the release of cytochrome c
and the activation of caspases. The extrinsic pathway
can also be activated through death receptors on cancer
cells, initiating a caspase cascade [45, 46]. PDT-induced
oxidative stress can induce endoplasmic reticulum (ER)
stress, activating the unfolded protein response (UPR)
and caspase-12 [47]. The PI3K/Akt pathway, involved in
cell survival, can be modulated during PDT to promote
apoptosis. The interplay and activation of these pathways
contribute to the apoptotic response in cancer cells dur-
ing PDT [42]. (Fig. 2)

Furthermore, PDT can activate the immune system
[48], contributing to its therapeutic efficacy. PDT with
certain photosensitizers triggers immunogenic cell death
(ICD), activating the adaptive immune response and
promoting the formation of long-term immunological
memory. This immune response enhances the anti-can-
cer effects of PDT and supports its potential as a cancer
immunotherapy [49].

In addition to the photosensitizer and light, the pres-
ence of oxygen and proper dosimetry are crucial consid-
erations in PDT. The tumoricidal effect of PDT relies on
a photo-oxidative reaction, which necessitates the avail-
ability of oxygen for successful treatment. Tissue hypoxia,
characterized by low oxygen levels, significantly dimin-
ishes the effectiveness of PDT [50, 51]. During in vivo
exposure to light, the photosensitizer undergoes a grad-
ual degradation process called photobleaching, caused
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by its reaction with singlet oxygen or free radicals. The
byproducts of this interaction do not contribute further
to the photodynamic activity. Photobleaching plays a
vital role in minimizing or preventing damage to nor-
mal tissue by ensuring that the threshold dose required
for PDT to be effective against tumors is not surpassed
in healthy tissue while still being exceeded in the tumor
itself [50-53].

It is of note that a thorough understanding of light
dosimetry is also essential for comparing, reproducing,
and predicting the outcomes of PDT, as well as identi-
fying the factors that contribute to its success or failure.
However, in clinical PDT, insufficient attention has been
given to light dosimetry, with few exceptions. The mea-
surement of light in PDT involves the power of the light
source, which is expressed in watts (W), and the deliv-
ered energy, which is expressed in joules (J). The power
per unit area, also known as irradiance, is expressed in
watts per square meter (W/m?) or milliwatts per square
centimeter (mW/cm®) when irradiating a specific sur-
face area. The effectiveness of PDT is determined by
the energy fluence (J/m?) multiplied by the absorption
coefficient (m”(-1)) of the photosensitizer in tissue.
Energy fluence is the product of the fluence rate (W/m?)
and the irradiation time (s). In short, PDT light dosim-
etry involves the power of the light source, the delivered
energy, the power per unit area, the energy fluence, and
the absorption coefficient of the photosensitizer in tissue.
These factors are critical in determining the effectiveness
of PDT [51, 54, 55].

Given the unpredictable distribution of photosensitizer
concentration in tissue, the calculation of the light dose
absorbed by the photosensitizer in PDT is a challeng-
ing task. The incident power per unit area multiplied by
the irradiation time is commonly used as the light dose
in superficial PDT, but the actual energy fluence (rate)
in tissue can differ due to light scattering and internal
reflection at tissue boundaries. In order to better under-
stand light dosimetry, it is necessary to measure the flu-
ence rate, estimate the scattering properties and optical
absorption of the treated tissue, and use mathematical
models to predict the propagation of light in tissue. This
will lead to a more accurate determination of the light
dose delivered to the target tissue, which is essential for
achieving the desired therapeutic effect in PDT. By uti-
lizing these methods, the effectiveness of PDT can be
improved, resulting in better treatment outcomes [56,
57].

Significantly, when it comes to PDT, tumors that
exhibit superficial growth and have a higher accumula-
tion of photosensitizers can be effectively targeted. How-
ever, as the depth within the tissue increases, the energy
fluence rate experiences an exponential decline. Con-
sequently, achieving a tumoricidal effect at the deepest
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regions of thicker tumors necessitates a higher surface
light dose. This, in turn, can potentially result in necro-
sis of the surrounding normal tissue located closer to
the surface [58, 59]. As a result, the limitations of selec-
tive PDT extend beyond the photosensitizer distribution
in tumor and normal tissue. The depth to which light
can effectively penetrate also plays a crucial role. Ongo-
ing research strives to identify new photosensitizers that
exhibit selective retention or activation when exposed to
longer wavelength light. This exploration holds promise
for enabling deeper tissue penetration during PDT, open-
ing up new avenues for treatment.

On the whole, PDT is a medical treatment that selec-
tively destroys cancer cells using a photosensitizer drug,
light, and oxygen. The photosensitizer can generate ROS,
oxidative damage, and cell death. PDT also activates
the immune system, promoting long-term immunity
and anti-cancer effects. Factors like oxygen availability,
dosimetry, and photobleaching influence its effective-
ness. Ongoing research should focus on discovering pho-
tosensitizers with greater tissue penetration depth.

Photosensitizers

PDT utilizes photosensitizers to target and destroy can-
cerous or abnormal cells through light activation. Com-
monly used photosensitizers in PDT include Photofrin
(Porfimer Sodium), which is effective against esophageal,
lung, and bladder cancer [60, 61]. Levulan (Aminolevu-
linic Acid or ALA) is a synthetic compound that con-
verts to the photosensitizer protoporphyrin IX (PpIX)
and is used in dermatology for treating skin lesions and
certain skin cancers [61-63]. Foscan (Temoporfin) is
derived from chlorophyll and is primarily employed in
head and neck cancer treatment [64, 65]. Metvix (Methyl
Aminolevulinate or MAL) treats actinic keratosis and
superficial basal cell carcinoma [66, 67], while Hexvix
(Hexaminolevulinate or HAL) aids in diagnosing and
treating bladder cancer [68]. The choice of photosensi-
tizer depends on factors such as cell type, location, tis-
sue penetration, and treatment goals, highlighting the
importance of selecting the appropriate photosensitizer
for optimal PDT outcomes.

Photosensitizers Used in Common

The five photosensitizers have been shown to offer dis-
tinct applications in PDT. In the ensuing subheadings,
the efficacy and role of such photosensitizers in oral can-
cers will be elucidated.

5-Aminolevulinic Acid (ALA)

5-aminolevulinic acid (ALA) is a vital component in the
heme biosynthetic pathway, acting as a precursor for the
photosensitizer known as protoporphyrin IX (PpIX).
When exogenous ALA is introduced into the system, it
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hampers the initial stage of porphyrin synthesis, resulting
in the buildup of PpIX within the tissue [69, 70].

PDT using ALA has been extensively studied in clinical
trials for the treatment of oral leukoplakia, a condition
that has the potential to develop into malignant cancer
[71]. Oral leukoplakia serves as a convenient model for
studying cancer prevention strategies [72]. In a pioneer-
ing study conducted by Kiibler et al., a 20% ALA cream
was topically applied to leukoplakia lesions in 12 patients
for a duration of 2 h. Subsequently, the cream was
removed, and the lesions were subjected to monochro-
matic red light at 630 nm wavelength using an argon-dye
laser. The light exposure lasted for 1 h, with a radiant
exposure of 100 J/cm?®. Following a therapeutic period
of 3 months, it was observed that five patients achieved
complete remission, four showed a partial response, and
three did not exhibit a favorable response to the treat-
ment [73].

Sieron et al. conducted an additional study explor-
ing the use of PDT for the treatment of oral leukopla-
kia, a pre-malignant condition. The study involved 12
patients with lesions in various intraoral sites. A 10%
ALA emulsion was topically applied to the lesions, fol-
lowed by exposure to light emitted by an argon-pumped
dye laser with a wavelength of 635 nm. Each treatment
session delivered a total dose of 100 J/cm® The results
were promising, with 10 out of the 12 treated patients
achieving a complete response, indicating the disappear-
ance or significant improvement of the lesions. During
a 6-month follow-up period, only one instance of recur-
rence was observed. Based on these findings, the study
concluded that PDT could be a viable alternative to tra-
ditional therapies for managing pre-malignant lesions in
the oral cavity, demonstrating its potential effectiveness
in this specific context [74].

Another study was conducted by Chen et al. to evaluate
the efficacy of ALA-PDT in various diseases and treat-
ment regimens. Thirty-two patients participated in the
study, with 8 of them having oral verrucous hyperplasia
and 24 having oral leukoplakia. The results showed that
the oral verrucous hyperplasia lesions responded bet-
ter to the PDT compared to the oral leukoplakia lesions.
In the case of oral leukoplakia lesions, the protocol had
to be applied twice a week to observe even a partial
response, while the oral verrucous hyperplasia lesions
showed a complete response in less than six treatments,
with a weekly application [75].

In the study conducted by Siddiqui et al., the research-
ers explored the effects of photoactivated ALA in the
treatment of oral cancer. The patients involved in the
study were administered ALA at a dosage of 60 mg/kg,
which was divided into three doses. This administra-
tion aimed to promote the accumulation of a photo-
sensitive product called PpIX within the tumor cells.
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Approximately 0.5 to 1 h after ALA administration, the
tumor area was exposed to LED light with a wavelength
of 635 nm. The light exposure delivered a dose of 100 J/
c¢m® to the tumor site. Remarkably, the study reported
that a complete response, indicating the complete dis-
appearance or significant reduction of the tumor, was
achieved in 76% of the patients. These findings suggest
that the use of photoactivated ALA and LED light ther-
apy may hold promise as an effective treatment approach
for oral cancer [76].

Yao et al. conducted a study to examine the combina-
tion of an ablative fractional laser with ALA-PDT in the
treatment of oral leukoplakia lesions in 48 patients. In
the study, an ablative fractional laser was applied to the
lesions, followed by the application of a 20% ALA gel for
3 h. The lesions were then illuminated with red light at a
wavelength of 630 nm using a Yage LED-IB device at a
dose of 180 J/cm?. After one month, 30 patients showed
complete recovery, and 12 patients showed partial recov-
ery. The recurrence rate was 37.5%, and the malignant
transformation rate was 8.3% after 3 years of follow-up.
The results of Yao et al’s study suggest that the combi-
nation of an ablative fractional laser and ALA-PDT may
improve the clinical success of treating oral leukopla-
kia lesions. However, the recurrence rate and malignant
transformation rate after 3 years of follow-up indicate
that further studies are needed to evaluate the long-term
effectiveness of this treatment approach [77].

The mentioned studies highlight the potential of ALA-
mediated PDT for oral leukoplakia, but response rates
varied due to differences in treatment protocols and dis-
ease characteristics, and also further research is needed
to refine the treatment and enhance long-term outcomes.

Methylene Blue

Oral lichen planus is a long-term inflammatory disor-
der that affects the oral mucous membrane, leading to
the appearance of white or red patches, sores, and dis-
comfort in the mouth. In some cases, it can progress to
squamous cell carcinoma, a type of oral cancer. The stan-
dard treatment for oral lichen planus involves the use of
topical corticosteroids, which can have local side effects
when used over a long period of time [78, 79].

Methylene blue is a photosensitizer, a compound that
can be activated by specific wavelengths of light to pro-
duce ROS. These ROSs can cause damage to targeted
cells, such as abnormal or cancerous cells while sparing
healthy tissue. Methylene blue has been used in the treat-
ment of various skin conditions and cancers [80-83].

A study was carried out by Aghahosseini et al. to assess
the effectiveness and safety of methylene blue-medi-
ated PDT for oral lichen planus. The study consisted of
13 patients with a total of 26 oral lichen planus lesions.
The treatment process entailed rinsing the mouth with a
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5% methylene blue solution, followed by the application
of laser light to the lesions for 2 min using a diode laser
with a wavelength of 632 nm and a dose of 120 J/cm?. The
specific wavelength of the laser light was chosen to cor-
respond to the absorption peak of methylene blue, ensur-
ing its efficient activation. Following a 12-week follow-up
period, 16 out of 26 lesions showed a significant reduc-
tion in size, with an average reduction of approximately
44%. The study also found that the treatment was safe,
with no serious side effects reported [84].

Another study was conducted with 20 patients suf-
fering from oral lichen planus, who were administered
methylene blue-mediated PDT. The treatment involved
gargling with a methylene blue solution and then illu-
minating the lesions with laser light. After four weeks,
17 out of 20 patients showed a positive response, with a
noticeable reduction in the size of their lesions. However,
the three patients who did not respond to the treatment
had longer-standing lesions, indicating that the duration
of the lesion may impact the treatment outcome [85].

Bakhtiari et al. conducted a randomized clinical trial
to compare the clinical effects of PDT and dexametha-
sone mouthwash in the treatment of oral lichen planus,
a challenging autoimmune disorder. The trial included 30
patients, 15 of whom received PDT with methylene blue
and a Fotosan device, and the other 15 who used dexa-
methasone mouthwash. Researchers assessed various
parameters related to the efficacy and severity of the con-
dition at different time points after treatment initiation.
The results showed no significant differences between the
two treatment modalities regarding treatment efficacy,
symptom scores, sign scores, and clinical severity. Both
groups experienced statistically significant decreases in
symptoms. Therefore, the study concluded that PDT is as
effective as dexamethasone mouthwash in treating oral
lichen planus, providing a safe treatment option without
identified side effects for oral lichen planus lesions [86].

Mostafa et al. aimed to compare the clinical effective-
ness of PDT mediated by methylene blue (MB-PDT) with
conventional topical corticosteroid (TC) treatment for
erosive oral lichen planus (EOLP). EOLP is a challenging
condition to manage, and although corticosteroids are
commonly used, their prolonged use can lead to com-
plications. Twenty patients with EOLP were randomly
divided into two groups: Group A received TC treatment
with kenakort A-orabase, while Group B underwent MB-
PDT using a diode laser at 660 nm. The researchers eval-
uated the signs and symptoms of EOLP and found that
both treatment groups showed significant improvements
over the follow-up period. However, the MB-PDT group
exhibited a more notable reduction in pain and lesion
scores compared to the corticosteroid group. Conse-
quently, the study concluded that MB-PDT is a superior
treatment option for EOLP, offering better pain relief and
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lesion regression when compared to conventional TC
treatment [87].

According to such clinical research, PDT using meth-
ylene blue shows great potential as a viable alternative
for treating oral lichen planus. This approach offers sev-
eral advantages, including minimized side effects and
enhanced pain alleviation. However, additional studies
are required to fine-tune treatment protocols and con-
duct comparative analyses to determine their efficacy in
relation to other treatments.

Porphyrin Photosensitizers

Photofrin, an initial iteration sensitizer employed in PDT
to address HNSCC, gathers within tumor cells and gen-
erates ROS when subjected to specific light wavelengths.
Despite drawbacks such as sensitivity to light and
restricted tissue penetration, Photofrin has played a piv-
otal role in propelling PDT as an effective cancer treat-
ment [88, 89].

Dr. Biel conducted a significant study focusing on
the treatment of head and neck squamous cell carci-
noma, specifically laryngeal tumors, using Photofrin as
the photosensitizer in PDT. The study involved a large
group of patients and yielded remarkable results. In this
study, Dr. Biel initially targeted “true” cancer of the lar-
ynx, which refers to confirmed cases of laryngeal can-
cer. The patients included in the study had previously
undergone other therapies, such as radiation, which had
not been successful in achieving a complete response.
Despite this, Photofrin PDT led to a complete response
in approximately 90% of the patients. This highlights the
effectiveness of Photofrin as a photosensitizer in treating
laryngeal tumors, even in cases where other treatments
had failed [90-93].

Dr. Biel reported the treatment of 110 patients with
recurrent or primary laryngeal tumors using Photofrin-
mediated PDT. The protocol consisted of an intravenous
injection of Photofrin at a dose of 2 mg/kg, followed by
a 48-hour waiting period before the light-based therapy.
The therapy was delivered using an Nd: Yag pumped-dye
laser with a wavelength of 630 nm and a fused silica opti-
cal fiber with a microlens to reach the larynx. The light
dose rate was 80 J/cm® and the power density was 150
mW /cm?® in the larynx area. The 5-year cure rate was an
impressive 90%, indicating the high efficacy of Photofrin
PDT in treating laryngeal tumors. Recurrences, if any,
were successfully managed with additional PDT sessions,
surgery, or radiation. These results suggest that Photo-
frin PDT is a highly effective option for treating laryngeal
tumors [93].

Based on the positive outcomes observed in these
studies, Dr. Biel suggested that PDT using Photofrin
should be considered as a treatment option for primary
and recurrent squamous cell carcinoma of the larynx.
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Specifically, it could be beneficial in cases classified as
Tis (in situ carcinoma in the superficial lining of the oral
cavity), T1 (tumor<2 cm across), and T2 (tumor>2 cm
and <4 cm across) stages. This recommendation is based
on the significant response rates and the potential to
achieve long-term cure, as well as the ability to manage
any recurrences effectively with additional sessions of
photodynamic therapy, surgery, or radiation [93]. These
findings emphasize the potential of Photofrin-mediated
PDT as a valuable therapeutic approach for HNSCC, par-
ticularly in the treatment of laryngeal tumors. However,
it is important to note that further research is necessary
to optimize treatment protocols, assess long-term out-
comes, and investigate potential side effects to ensure
the safe and effective use of Photofrin PDT in clinical
practice.

A study was conducted to evaluate the use of Photo-
frin-mediated PDT in treating squamous cell carcinoma
and epithelial dysplasia with hyperkeratosis in the oral
cavity. The study consisted of 18 patients with squamous
cell carcinoma and 7 patients with epithelial dysplasia.
The treatment protocol involved the intravenous admin-
istration of Photofrin at a dose of 2 mg/kg, 48 h before
laser irradiation. The lesions in the oral cavity were then
exposed to light using an excimer dye laser with a wave-
length of 630 nm, with an output of 4 mJ/pulse/cm® and a
repetition rate of 40 Hz. To deliver the light to the tumor
sites, a 400 pum flat-tipped quartz fiber was employed.

The results of the study were highly promising, with a
cure rate of 96% among the patients. This suggests that
Photofrin-mediated PDT is effective in treating both
oral squamous cell carcinoma and epithelial dysplasia
with hyperkeratosis. However, it is important to note
that this study included a specific group of patients with
these conditions, and the sample size was relatively small.
Therefore, further research is required to validate these
findings and assess the broader efficacy of Photofrin-
mediated PDT in treating oral cavity lesions [94].

In summary, clinical investigations indicate that methy-
lene blue-mediated PDT holds promise as a compelling
alternative treatment for oral lichen planus. This thera-
peutic approach brings about advantages such as dimin-
ished side effects and enhanced pain relief. Nevertheless,
additional research is required to refine treatment pro-
tocols and evaluate their efficacy through comparative
analysis with other treatments.

Foscan (Temoporfin; mTHPC)
Foscan, also known as Temoporfin or mTHPC, is a pho-
tosensitizing agent used in photodynamic therapy for the
treatment of advanced head and neck cancer, where it is
activated by light to destroy tumor cells.

The use of PDT with the photosensitizer Foscan, also
known as Temoporfin or mTHPC, has shown positive
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results in the treatment of various oral conditions, partic-
ularly early oral squamous cell carcinoma. In a study with
114 patients, Foscan was given intravenously at a dose
of 0.15 mg/kg and the lesions in the floor of the mouth,
lip, and anterior tongue were exposed to laser light at a
wavelength of 652 nm. The study found a response rate
of 93% for T1 lesions and 58% for T2 lesions. Addition-
ally, patients maintained good functional status after
therapy, and there was no need for airway management.
These results suggest that Foscan-mediated PDT can be
an effective treatment option for early oral squamous
cell carcinoma, providing good functional outcomes and
minimal impact on the patient’s quality of life [95].

In cases where a disease is incurable or has recurred,
PDT utilizing Foscan has been investigated as a poten-
tial salvage treatment option. For instance, D’Cruz et
al. conducted a study involving 128 patients, some of
whom had multiple lesions. The patients received intra-
venous administration of a photosensitizing agent called
mTHPC (Foscan), followed by illumination of the tumor
surface using a nonthermal diode laser with a micro-
lens fiber. The results showed that approximately 16% of
patients achieved a complete response to the treatment.
These findings suggest that salvage PDT could be benefi-
cial for patients who have previously undergone extensive
surgery and radiation. It offers a potential alternative for
those with limited treatment options, providing a chance
for disease control or improvement in cases where cura-
tive treatment is not feasible [96].

Notably, Foscan has shown promise in treating lip can-
cer [97] and advanced head and neck cancer by target-
ing difficult-to-access tumors, preserving healthy tissue,
and generating reactive oxygen species to induce cell
death. Compared to traditional approaches like surgery
and radiation, Foscan-mediated PDT offers advantages
such as improved functional outcomes, particularly for
recurrent or persistent tumors that have not responded
well to previous treatments, while minimizing the impact
on patient’s physical appearance and functional abilities,
ultimately enhancing their quality of life during and after
treatment. However, treatment decisions should consider
individual factors such as tumor characteristics, patient
preferences, and overall health [95, 98].

In a study involving 170 patients diagnosed with early-
stage oral cavity and oropharynx squamous cell can-
cers, Foscan-based PDT was employed as a treatment
approach. The patients received intravenous adminis-
tration of Foscan at a dose of 0.15 mg/kg. Subsequently,
they were exposed to a diode laser emitting light at a
wavelength of 652 nm, with a dose of 20 J/cm?. The study
reported an overall response rate of 91%, indicating that
the majority of patients demonstrated a positive response
to the Foscan-mediated PDT treatment. Furthermore, a
complete response rate of 71% was observed, indicating



Kazemi et al. Biological Procedures Online (2024) 26:25

that a significant proportion of patients achieved com-
plete eradication of their tumors. These findings high-
light the potential efficacy of Foscan-mediated PDT in
the management of early-stage oral cavity and orophar-
ynx squamous cell cancers. The high overall response
rate suggests that this treatment approach has the ability
to effectively target and destroy cancer cells in these spe-
cific types of tumors. The substantial complete response
rate further underscores the potential of Foscan-based
PDT as a curative treatment option for early-stage oral
cancers. It is important to note that the results of this
study specifically apply to early-stage oral cavity and
oropharynx squamous cell cancers, and the efficacy of
Foscan-mediated PDT may vary in other types or stages
of cancer. Therefore, treatment decisions should be made
in consultation with healthcare professionals, consider-
ing individual patient characteristics and preferences
[99].

A trial was conducted with 25 patients diagnosed
with T1-T2 NO tumors in the oral cavity and/or oro-
pharynx, who were treated with PDT using mTHPC
(Foscan) as the photosensitizer. The results of the study
showed complete remission for all patients, indicat-
ing that Foscan-based PDT could be an effective treat-
ment option for early-stage tumors that have not spread
to the local lymph nodes. This demonstrates the poten-
tial of mTHPC-mediated PDT in providing a success-
ful treatment outcome for patients with these types of
tumors [100]. Additionally, the use of Foscan-mediated
PDT employing mTHPC as a photosensitizer has been
applied to patients with stage IV advanced and/or recur-
rent tongue base carcinoma. The treatment has been suc-
cessful in reducing tumor-associated symptoms, as well
as improving breathing, swallowing, and speech (voice)
problems. This demonstrates the potential of Foscan-
mediated PDT as an effective treatment option for late-
stage and recurrent tongue-based carcinoma, providing
both tumor reduction and improved quality of life for
patients [101].

Taken together, Foscan-mediated photodynamic ther-
apy has shown promising results in the treatment of early
oral squamous cell carcinoma, lip cancer, and advanced
head and neck cancer. The treatment has demonstrated
high response rates, favorable functional outcomes, and
potential as a salvage therapy for patients with incur-
able or recurrent disease. However, further research and
larger clinical trials are necessary to validate these find-
ings and optimize treatment protocols for a wider range
of patients.

Chlorin e6 and HPPH
Chlorin e6 and HPPH (Hexylaminolevulinate-mediated
PDT) are two photosensitizing agents utilized in PDT for
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the treatment of various medical conditions, including
oral cancers [102, 103].

Chlorin e6 is a synthetic chlorin-based photosensi-
tizer that selectively accumulates in tumor tissues and
generates ROS upon light activation, leading to tumor
cell death. It has been investigated for its potential in
PDT for lung, breast, and bladder cancer [103, 104].
HPPH, on the other hand, is a second-generation pho-
tosensitizer derived from porphyrin. It is primarily used
for the diagnosis and treatment of early-stage or pre-
cancerous lesions such as actinic keratosis and bladder
cancer. HPPH is either topically applied or administered
intravesically, and upon light activation, it induces cell
destruction. Notably, the selection of Chlorin e6 or
HPPH as a photosensitizer depends on factors like the
specific medical condition, disease stage, and the prop-
erties of the sensitizing agent, allowing for tailored treat-
ment approaches in PDT [103, 105, 106].

In a study conducted by Sobaniec et al., the potential
of PDT as a treatment for oral leukoplakia was investi-
gated. Oral leukoplakia is a precancerous condition char-
acterized by white patches or plaques on the oral mucosa.
The study involved 23 patients diagnosed with oral leu-
koplakia. The patients received treatment with chlorin
e6, specifically using a product called Photolon®, which
contained 20% chlorin e6 and 10% dimethylsulfoxide as a
photosensitizer. PDT treatment sessions were scheduled
biweekly, meaning patients underwent the therapy every
two weeks. The results of the study demonstrated that
PDT using chlorin e6 led to a significant reduction in the
size of the oral leukoplakia lesions. On average, the size
of the lesions decreased by approximately 55% follow-
ing the treatment. This reduction in lesion size indicates
a positive response to the PDT treatment, suggesting its
potential efficacy in managing oral leukoplakia [107].

However, it is important to note that the study focused
specifically on the use of chlorin e6 in PDT for oral leuko-
plakia and that the results were obtained from a relatively
small sample size. Notably, the study provides valuable
insights into the potential use of PDT as a therapeutic
approach for this precancerous oral condition [107].

In another clinical trial involving patients with oral
dysplasia, carcinoma in situ (an early stage of cancer),
or early-stage HNSCC, HPPH was utilized. The patients
received systemic administration of HPPH at a dose of
4 mg/m? 22-26 h before the light was delivered. Fol-
lowing the administration of HPPH, the tumor site was
illuminated with light at various doses ranging from 50 to
140 J/cm?. The results of the trial, assessed on day 28 fol-
lowing treatment, revealed promising outcomes. Among
the patients, 58% achieved a complete response, indi-
cating the complete eradication of the targeted lesions.
Additionally, 11% of patients demonstrated a partial
response, indicating a significant reduction in tumor size
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or extent. Another 11% of patients had stable disease,
meaning there was no significant change in the tumor’s
status. These findings suggest that the use of HPPH in
PDT holds potential as an effective treatment option for
patients with oral dysplasia, carcinoma in situ, or early-
stage HNCSS. The high complete response rate indicates
the ability of HPPH-mediated PDT to achieve complete
eradication of the targeted lesions. The partial response
and stable disease rates further demonstrate the thera-
peutic efficacy, as they indicate favorable disease control
and stability [108].

These findings indicate that PDT using chlorin e6 and
HPPH as photosensitizers has shown promise in the
treatment of oral leukoplakia, oral dysplasia, carcinoma
in situ, and early-stage HNSCC. The treatments resulted
in a reduction in lesion size and a significant propor-
tion of patients achieving complete or partial responses.
However, further research and clinical trials are needed
to validate these results and optimize treatment proto-
cols for these specific conditions.

Photosensitizers in in vitro Studies

The studies described different photosensitizers and
their effectiveness in PDT for oral cancer treatment. The
researchers evaluated various compounds, including sul-
fanyl porphyrazines, tribenzoporphyrazines, and other
photosensitizers like zinc phthalocyanine and aluminum
phthalocyanine chloride [108-112]. In these studies,
researchers focused on developing and evaluating differ-
ent types of photosensitizers, which are compounds that
can induce cell death when activated by light, for their
cytotoxic effects on oral cancer cells. They conducted
experiments using various compounds and tested their
effectiveness in killing oral cancer cells when exposed to
light.

The initial experiments involved sulfanyl porphyrazines
labeled as 4-fluorobutyl (la) and 2-(2-ethoxyethoxy)
ethyl (1b). These compounds were tested on two differ-
ent types of oral cancer cell lines derived from the tongue
(HSC-3) and buccal mucosa (H413). The researchers
found that at concentrations up to 50 uM, compounds
la and 1b did not exhibit toxicity in the absence of light.
However, at the highest concentration, both compounds
showed aggregation. When exposed to light within the
range of 600 to 850 nm, porphyrazine 1b did not induce
any light-induced toxicity in either cell line. In contrast,
la reduced the viability of H413 cells by about 30-35%
at both concentrations. Importantly, the observed photo-
toxicity varied between the two cell lines [113].

Further investigations involved other porphyrazines
and tribenzoporphyrazine, which had annulated diaz-
epine rings. These compounds were tested on the same
oral cancer cell lines, HSC-3 and H413. Dark toxic-
ity experiments showed minimal toxicity, except for
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tribenzoporphyrazine on H413 cells at higher concentra-
tions. However, under LED light irradiation at 690 nm,
tribenzoporphyrazine demonstrated significant photocy-
totoxicity, especially against HSC-3 cells [114].

The researchers discussed several potential admin-
istration routes for liposomal photosensitizers. They
suggested direct injection into tumors or transmucosal
administration by stable adhesion to the mucosa using
cationic liposomes. Another possibility was embed-
ding liposomes in oral films to facilitate transmucosal
transport [115-119]. A study also investigated the pho-
totoxic effects of other sulfanyl porphyrazines labeled as
4a and 4b (with 4-bromobenzyl and 4-biphenylylmethyl
substituents) in free-form and liposomal formulations.
Liposomes composed of DOTAP: POPC showed high
photocytotoxicity against HSC-3 cells when incorporat-
ing 4a, while cationic DOTAP: POPC liposomes demon-
strated light-induced toxicity against HSC-3 cells when
incorporating 4b. These results highlighted the potential
of liposomal formulations as drug delivery systems for
sulfanyl porphyrazines, with the effectiveness depending
on the specific photosensitizer structure [120].

In addition to porphyrazines, researchers also evalu-
ated magnesium(II) and zinc(II) porphyrazines with dif-
ferent substituents. These porphyrazines were tested
on squamous cell carcinoma cell lines derived from the
tongue (SCC-25 and CAL-27). The photosensitizers were
tested in their free forms as well as in liposomal formu-
lations. The study found that the magnesium(II) por-
phyrazine with morpholinoethyl groups exhibited high
photocytotoxicity on both cell lines, while the zinc ana-
log was less effective, only affecting the SCC-25 cells.
This indicates that the magnesium(II) porphyrazine with
morpholinoethyl groups has a greater potential as a pho-
tosensitizer in photodynamic therapy for treating cancer,
as it was effective against both cell lines. Liposomal for-
mulations generally enhanced the cytotoxic effect of the
photosensitizers [121].

The researchers also investigated sulfanyl tribenzopor-
phyrazines with dendrimeric moieties. These compounds
were tested on CAL-27 and HSC-3 cells. The tribenzo-
porphyrazine with branched G1-dendrimeric substitu-
ents showed moderate activity against CAL-27 cells and
higher activity against HSC-3 cells. The photocytotoxic-
ity decreased when the dendrimeric substituent genera-
tion was reduced. However, the lowest nanomolar IC50
values were observed for a phthalocyanine derivative
with hydroxymethyl groups, which exhibited potent pho-
todynamic activity [122].

Porphyrinoid compounds, including phthalocyanines,
were studied for their phototoxic effects on oral can-
cer cells. Zinc phthalocyanine and aluminum phthalo-
cyanine chloride were tested on HSC-3 and HeLa cells.
Both phthalocyanines showed a phototoxic effect, but
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the effectiveness varied depending on the cell type. These
results suggest that certain porphyrinoid compounds,
such as phthalocyanines, have the potential as photosen-
sitizers for photodynamic therapy in treating oral cancer,
and further research is needed to optimize their use and
determine their effectiveness in clinical settings [123].
The study found that zinc phthalocyanine had a more
potent phototoxic effect on HSC-3 cells, while alumi-
num phthalocyanine chloride was more sensitive to HeLa
cells, suggesting the effectiveness of phthalocyanines in
photodynamic therapy [124]. The studies also evaluated
other porphyrinoid photosensitizers, such as a water-
soluble N-confused porphyrin [125] and glycerol-substi-
tuted phthalocyanines [126], on various cancer cell lines,
including OSCC. Table 1 summarizes some important in
vitro studies evaluating PDT in oral cancer cells.

Light Sources

All light sources follow a similar principle, where the
input energy is transformed into light. Light is gener-
ated through spontaneous emission, where excited atoms
emit photons in a random manner in an incoherent light
source, like a lightbulb. As a result, this process produces
radiation that spreads in all directions, encompassing a
broad range of wavelengths. The emitted photons do not
have any correlation with each other, meaning they are
not synchronized or coordinated [51, 139].
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As mentioned earlier, PDT utilizes a combination of
a photosensitizing agent and light to selectively destroy
abnormal cells, such as cancer cells. PDT relies on dif-
ferent light sources, each with its characteristics and
advantages, to deliver the necessary light energy for the
treatment.

Lasers, a commonly used light source in PDT, emit
coherent and monochromatic light. This coherence
allows lasers to produce a focused and concentrated
beam of light, which is crucial for targeting specific areas
during treatment. They can deliver high optical power
and can be precisely tuned to match the absorption wave-
length of the photosensitizer used in PDT. Notably, lasers
are often connected to optical fibers for light delivery and
beam-expanding lenses can be used to cover larger areas
of tissue evenly [140-143].

Dye lasers, another light source used in PDT, use
organic dye molecules as the lasing medium. They emit
light within a specific range of wavelengths that corre-
sponds to the absorption wavelength of certain photo-
sensitizers. Dye lasers provide flexibility in selecting the
appropriate wavelength for different photosensitizers.
However, they tend to be less portable and more com-
plex, requiring specialized equipment such as a high-
voltage power supply, high current, and water cooling
[51, 144].

Diode lasers, which utilize semiconductor materials,
offer advantages over dye lasers in terms of cost, size,

Table 1 A summary of in vitro studies evaluating PDT in oral cancer cells

Cell Types PDT Type Photosensitizers Outcome Ref

SGT cells lllumination 4 h after PS administration ~ ALA, ALA-hx 613-645 nm red LED (5 J/cm?2) [127]

Cal-27 hOSCC Photodestruction assessed using MTT Gold nanorods, rose 532 nm green LED (170 mw/cm?2) for 90 s [128]

cellline assay bengal

FaDu, FaDuPTX Preincubation with Pa followed by Pa 613-645 nm LED (1.2 J/cm?2); Inhibited tumor growth via  [129]

hPSCC cell line assessment HOXC6/MDR-1 pathway suppression

S462, A375, ALA treatment followed by light ALA 635 nm diode laser (30 mw/cm?2); Selective growth sup-  [130]

A549,C26,CL1-0, irradiation pression in tumor cells

CL1-5,NSC,

NIH3T3

SCC-25, 562 Exposure to MB before illumination MB 660 nm diode laser for 8 min; Significant growth inhibi- ~ [131]

HNSCC cell lines tion in both cell lines

SCC25 Evaluation of ALA concentrations and ALA 635 nm laser (87 mw/cm2, 10.4 J/cm?2); Induced cytotox- [132]
PpIX production icity and apoptosis via ROS generation

Human OSCC Measurement of intracellular ROS levels  PaH 405 nm semiconductor laser; Significant phototoxic ef- [133]

cell lines fect by inhibiting cell proliferation

CAL-27, HOEC Synthesis of PEGlated prodrug of doxo-  HP 633-nm laser for 10 min (100 mw/cm2); Strong PDT ef- [134]
rubicin for NP-encapsulated HP ficiency with suitable cellular uptake

DOK, CAL-27 Incubation with ALA followed by vari- ALA 635 nm laser (87 mw/cm2, 10.4 J/cm?2); Selective inhibi-  [135]
ous measurements tion of proliferation and induction of apoptosis

SCC25 Evaluation of ALA's individual and ALA 635 nm laser (87 mw/cm2, 10.4 J/cm?2); Remarkable [136]
synergistic effects synergistic apoptosis induction effect

CAL27, FaDu Study of cell death using Calcein-AM/PI ICG, EVO 808 nm laser (100 mW/cm?2) for 5 min; Efficient tumor [137]
Double Staining Kit suppression and apoptosis induction

SCC25,5CCH, bioavailability of PEGylated GQDs was ~ GQDs Laser for 10 min. GQD-PEG dominantly contributed to [138]

HOK evaluated in hOSCC and normal cells PDT efficacy in triggering antitumor immune responses
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portability, stability, and weight. They are compact, light-
weight, and highly stable, and can provide high power by
combining multiple laser diodes. However, diode lasers
emit a larger and more widely spread beam compared to
dye lasers, and each diode laser has a fixed wavelength,
requiring different laser units for each photosensitizer
[51].

Light-emitting diodes (LEDs) are semiconduc-
tor devices that produce incoherent light. They have a
broader spread of light and a wider spectral width com-
pared to lasers. LEDs are generally less powerful but offer
affordability and portability. They are suitable for superfi-
cial tumor treatments and can be used in endoscopic and
interstitial applications. LEDs are particularly useful in
areas with limited access to advanced medical care due to
their low cost and ease of use [51, 145-148].

Lamps, which were commonly used in the early stages
of PDT, emit a broad spectrum of light. Different types
of lamps, such as fluorescent, incandescent, metal halide,
xenon arc, and sodium arc lamps, were employed. Lamps
require optical filters to select the appropriate wave-
lengths for photoactivation. They are generally used for
superficial tumors, but dosimetry becomes more com-
plex with broadband light sources [51, 141, 149].

In conclusion, the choice of light source in PDT
depends on various factors, including the type and loca-
tion of the target tissue, the specific photosensitizer used,
and the desired treatment depth. Lasers offer coherence
and precision, dye lasers provide flexibility, diode lasers
offer compactness and stability, LEDs are affordable and
portable, and lamps emit a broad spectrum. Selecting the
appropriate light source is crucial in PDT to ensure opti-
mal therapeutic outcomes.

Effects of PDT on Different Types of Oral Cancers in
Clinical Studies

PDT has shown promise as a treatment for various oral
cancers with the ability to selectively target and destroy
tumor cells while preserving normal tissue. Table 2 sum-
marizes some important clinical trials of PDT impacts on
oral cancers.

Oral Squamous Cell Carcinoma (OSCC)

OSCC is a malignant tumor originating from the squa-
mous epithelium of the oral cavity. Histopathological
examination of OSCC involves analyzing tissue sections
from biopsied or surgically resected specimens. Key fea-
tures evaluated include histological grade, tumor inva-
sion depth and patterns, keratinization, nuclear features,
and the tumor microenvironment. Well-differentiated
OSCC closely resembles normal squamous epithelium,
while poorly differentiated OSCC shows little resem-
blance. The presence of an inflammatory infiltrate,
tumor-associated stroma, and desmoplastic reaction may
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also be noted. Immunohistochemistry can provide addi-
tional information about differentiation, proliferation,
and viral etiology. Histopathology plays a crucial role in
determining the tumor stage, prognosis, and treatment
planning for OSCC [174-176] (Fig. 3).

A study evaluated the effectiveness of Photofrin-
mediated PDT for early carcinoma and dysplasia in the
oral cavity. Over a period of four years, 25 patients with
OSCC and mucosal dysplasia received PDT treatment at
Nagasaki University Hospital. The results showed a high
success rate, with a complete response achieved in 96%
of the patients, and a partial response in one patient.
Recurrence was observed in three patients, but salvage
surgery or a second PDT was performed. The disease-
specific survival rate was calculated at 96%. Treatment-
related edema and pain were experienced by all patients,
requiring pain management for several weeks. However,
complete healing occurred within 4-6 weeks, and no
long-term functional or esthetic issues were reported.
This study highlights the promising outcomes of Photo-
frin-mediated PDT for early oral malignancies and dys-
plasia, supporting its potential as a minimally invasive
treatment option in these cases [177]. [176]

Another study aimed to assess the efficacy of PDT in
treating superficial OSCC and examine the long-term
clinical outcomes. A total of 34 patients with superficial
oral cancers received PDT with Photofrin as the pho-
tosensitizer. Photofrin was administered intravenously
(2 mg/kg) 48 h before light irradiation. Photoradiation
was performed using a 630-nm excimer dye laser at doses
of 100-150 J/cm?®. After six months, complete responses
were observed in 88.2% of patients, but during long-
term follow-up, 26.5% experienced local relapses. The
5-year overall survival, disease-specific survival, and
disease-free survival rates for superficial oral carcino-
mas treated with Photofrin-mediated PDT were 76.5%,
84.6%, and 63.3%, respectively. Lesions with red patches
had a significantly higher recurrence rate compared to
white patches, highlighting the need for accurate lesion
evaluation and appropriate photoradiation to improve
outcomes. Adverse events, such as sunburn and seques-
trum formation of alveolar bone, were reported, but no
abnormal laboratory values or systemic complications
were observed. In conclusion, PDT using Photofrin dem-
onstrated effectiveness in treating superficial oral carci-
nomas, yielding excellent healing outcomes with minimal
side effects [152].

Some studies indicate that for oral cavity tumors with
low risk, PDT using a specific photosensitizer called
mTHPC can be a viable alternative to traditional treat-
ment methods such as chemotherapy, radiotherapy, and
surgery. PDT is considered less invasive and has fewer
associated side effects compared to these conventional
therapies. Even if multiple rounds of PDT treatment
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are required, it remains a less burdensome option for
patients. Additionally, the study highlights the potential
of a specific type of PDT called ALAPDT, which involves
the use of a topical application of aminolevulinic acid.
ALAPDT shows promise as a safe therapy for patients
with locally advanced OSCC. It is suggested that ALA-
PDT could be a valuable complement to platinum-based
induction chemotherapy (ICT) in the treatment of these
patients, potentially enhancing the overall treatment out-
comes [154, 155].

In a study of eight patients with non-metastatic oral
SCC, talaporfin sodium-mediated photodynamic therapy
(t-PDT) was assessed. Biopsies conducted 4-6 weeks
after t-PDT revealed that six out of eight cases achieved
a complete response (CR) and two cases showed a partial
response (PR). Although one of the CR cases experienced
recurrence after 9 months and required tumor resection,
there was no recurrence observed after surgery. Unfor-
tunately, the two cases with PR succumbed to cancer
despite additional PDT treatment. The study concluded
that t-PDT is an effective treatment strategy for oral SCC,
and talaporfin sodium offers the advantage of efficient
elimination from the body compared to porfimer sodium
[159].

According to Schweitzer et al’s investigation, PDT is
an attractive additional treatment option for the primary
management of superficial oral and oropharyngeal car-
cinomas that have a low risk of nodal metastases. The
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Fig. 3 Histopathological examination of OSCC involves analyzing tissue sections from biopsied or surgically resected specimens. One of the key features
evaluated is the differentiation of the tumor. Well-differentiated OSCC closely resembles normal squamous epithelium, exhibiting organized tissue archi-
tecture and possible keratinization. Moderately differentiated OSCC shows some loss of differentiation compared to normal cells, with variable sizes and
shapes. Poorly differentiated OSCC bears little resemblance to normal squamous cells, lacking organized architecture and often appearing as sheets or
cords of cells. Poorly differentiated OSCC tends to grow rapidly and has a higher likelihood of metastasis, resulting in a poorer prognosis compared to well-
differentiated and moderately differentiated OSCC. Histopathological examination also considers other features such as tumor invasion patterns, nuclear
characteristics, and the presence of an inflammatory infiltrate or desmoplastic reaction. Immunohistochemistry can provide additional information about
differentiation, proliferation, and viral etiology, such as HPV infection. Overall, histopathology plays a critical role in diagnosing OSCC, determining its ag-

gressiveness, and guiding treatment decisions

also found that both PDT and surgery had similar over-
all survival rates for T1 and T2 tumors following treat-
ment. These results suggest that while PDT and surgery
can be comparable options for T1 tumors, surgery may
be more suitable for T2 tumors. Additionally, the study
highlights the need for further research to optimize PDT
protocols for the treatment of T2 tumors [179]. Further
research is needed to compare the morbidity associated
with PDT and standard treatments, as well as to conduct
prospective and comparative studies that assess the effi-
cacy of PDT. This will provide a more comprehensive
understanding of PDT’s effectiveness and help determine
its role in the management of oral cavity cancer.

Taken together, PDT has shown high success rates and
promising outcomes in treating early oral carcinoma,
dysplasia, and superficial oral cancers, with minimal side
effects and potential as a minimally invasive alternative to
conventional treatments.

Recurrent SCC of the Base of the Tongue

A study focused on exploring the use of postopera-
tive temoporfin-mediated PDT as an adjuvant treat-
ment for patients with recurrent SCC at the base of the
tongue who had involved resection margins following
transoral robot-assisted salvage surgery (TORS) after

primary (chemo)radiotherapy. Two patients in this situ-
ation underwent TORS but were found to have involved
resection margins based on postoperative pathology
reports. To address the risk of further recurrence, temo-
porfin-mediated PDT was employed as a novel adjuvant
approach to target and treat any remaining microscopic
disease at the resection margins. The results showed
encouraging outcomes, with both patients achieving
good oncological and functional results. They remained
disease-free at 42 and 24 months of follow-up and were
able to speak, breathe, and eat normally. This suggests
that postoperative temoporfin-mediated PDT could
be effective in achieving successful oncological out-
comes and functional recovery for selected patients who
undergo salvage surgery with involved resection margins
at the base of the tongue [180].

In a prospective study, US-iPDT (ultrasound-guided
interstitial photodynamic therapy) was evaluated as a
treatment for stage IV tongue base carcinoma. Twenty-
one patients with advanced and/or recurrent tongue
base cancer received US-iPDT using mTHPC as the
photosensitizing agent. The treatment resulted in sig-
nificant improvements in breathing, swallowing, and
speech for the majority of patients. Clinical assessment
showed positive responses in over half of the patients,
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while radiological assessment revealed stable or mini-
mally responsive pathology in most cases. Although
some patients passed away during the follow-up period,
US-iPDT demonstrated promising results as a palliative
treatment option for advanced and/or recurrent tongue
base carcinoma [157]. To further expand, PDT, spe-
cifically iPDT, has emerged as a viable treatment option
for nonmetastatic recurrent base of tongue tumors in
patients who are ineligible for surgery or radiation ther-
apy. The use of iPDT has been shown to offer long-term
disease control and provide a curative alternative to pal-
liative care. By effectively treating the tumors, iPDT can
significantly improve the quality of life for these patients,
providing them with a more promising prognosis [181].

The bottom line is that both the use of postoperative
temoporfin-mediated PDT and US-iPDT show promise
as treatment options for patients with recurrent SCC at
the base of the tongue. Postoperative temoporfin-medi-
ated PDT as an adjuvant treatment after salvage surgery
with involved resection margins has demonstrated posi-
tive oncological outcomes and functional recovery. US-
iPDT has shown significant improvements in symptoms
and disease control for patients with advanced and/or
recurrent tongue base carcinoma, serving as a potential
palliative treatment option. These findings suggest that
PDT techniques offer valuable therapeutic approaches
for tongue base carcinoma patients, either as adjuvant or
palliative interventions.

Head and Neck SCC/Malignant Tumors of Paranasal
Sinuses

As to findings, PDT has been shown to have the clinical
benefit in a surgery-adjuvant treatment for HNSCCs and
related conditions.

One study focused on the surgery-PDT time inter-
vals and their impact on patient outcomes. The study
involved patients who underwent surgery for HNSCC
and received PDT using a photosensitizer called mTHPC.
The timing of light delivery during PDT was dependent
on the size and location of the tumor. According to this
study, there is evidence to suggest that patients who
undergo PDT with shorter intervals between surgery
and PDT experience fewer adverse events. This finding
indicates that PDT could serve as a potential alterna-
tive approach to complement surgery in the treatment of
malignancies with tumor resection margins. This is par-
ticularly valuable in cases where treatment options are
limited [182].

Ahn et al., in 2016, conducted a phase 1 clinical trial
to assess the use of PDT with ALA for early superficial
lesions in the head and neck. The trial involved 35 sub-
jects with high-grade premalignant and early squamous
cell carcinoma. After oral administration of ALA, sub-
jects received escalating intraoperative light doses. The
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treatment was generally well-tolerated, with manageable
toxicities such as mucositis, odynophagia, voice altera-
tion, and photosensitivity reactions. However, there was
one death that might have been related to the treatment,
as well as one case of sepsis. Over a median follow-up
period of 42 months, 34% of patients experienced local
recurrence, while 34% developed recurrence adjacent to
the treated area. The study suggests that ALA-PDT is tol-
erable, and longer follow-up is needed to determine the
impact of light dose on local recurrence. The findings
also indicate the potential need for larger treatment fields
to address high marginal recurrence rates [151].

Another PDT procedure utilized a photosensitizer
called 3-(1’-hexyloxyethyl) pyropheophorbide-a (HPPH)
for the treatment of early-stage HNSCC, advanced dys-
plasia, and/or carcinoma in situ (CIS). The trial dem-
onstrated that HPPH-PDT is a safe therapy for the
mentioned diseases, particularly for HNSCC. This sug-
gests that PDT using HPPH can be a viable treatment
option for patients with early-stage HNSCC or precan-
cerous lesions [183].

In a case report study, researchers investigated the
combination of Redaporfin PDT with ICIs as a treatment
approach for challenging or resistant cases of HNSCC.
By combining the tumor-targeting effects of Redapor-
fin PDT with the immune-activating properties of IClIs,
the researchers aimed to maximize tumor destruc-
tion. The study demonstrated promising results, show-
ing improved outcomes and prolonged survival times in
HNSCC patients who had previously shown resistance
to other treatments. This combination therapy approach
holds potential as a novel treatment option for patients
with difficult-to-treat or resistant HNSCC cases. How-
ever, further research and larger-scale studies are needed
to validate these findings and fully explore the effective-
ness and broader applicability of this therapeutic strategy
[156].

Furthermore, Hosokawa et al. have shown that PDT
can be a valuable treatment option for patients with
residual and recurrent HNSCC to enhance their qual-
ity of life. The study emphasized the potential of PDT
in managing symptoms and improving the overall well-
being of patients with recurrent HNSCC, offering a
promising alternative to traditional treatment options. By
alleviating symptoms and reducing the negative impact
of the disease, PDT can significantly improve the patient’s
experience and contribute to a better prognosis [171].

The study conducted by Rigual et al. focused on inves-
tigating the adjuvant use of a photosensitizer called
HPPH-PDT in combination with surgery for patients
with HNSCC. The findings of the study indicated that
this combined approach was safe for use. Similarly, the
study by Caesar et al. supported the use of PDT as an
adjunct to surgery in cases of recurrent tumors in the
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paranasal sinuses and the anterior skull base, where com-
plete tumor removal is not feasible [172].

An important aspect highlighted in the study by Cae-
sar et al. was the absence of serious complications such
as cerebrospinal fluid leak, meningitis, major bleeding,
or vision loss when PDT was employed alongside sur-
gery. This suggests that PDT can be considered as a viable
additional treatment option for patients in these specific
cases where complete tumor resection is not possible.
However, it is important to note that adverse events were
reported in the studies. For example, transient diplopia
(double vision) occurred in four patients due to edema
of the medial rectus muscle, and one patient experienced
severe necrosis leading to an oro-nasal fistula. Neverthe-
less, despite these adverse events, the treatment resulted
in a complete response in five patients, indicating a posi-
tive therapeutic outcome [184].

To summarize, the clinical studies discussed highlight
the potential of PDT as a surgery-adjuvant treatment for
HNSCC and related conditions. They provide insights
into the safety and efficacy of different photosensitizers
in PDT for treating various stages of HNSCC and related
pathologies. Additionally, the combination of PDT with
other therapeutic modalities, such as immune check-
point inhibitors, shows promise in improving treatment
outcomes and extending survival in patients with chal-
lenging or resistant HNSCC cases.

Laryngeal/Oropharynx Neoplasms

PDT has shown clinical advantages and safety in the
treatment of various types of head and neck cancers,
as indicated by several studies. One study conducted
by Shafirstein et al. focused on the use of PDT with the
photosensitizer HPPH for early laryngeal cancer. The
researchers concluded that HPPH-PDT could be safely
used, provided that the light dose did not exceed 100
and patients were closely monitored for laryngeal edema
immediately after treatment. They found that early-stage
T1 SCC lesions responded better to HPPH-PDT com-
pared to dysplasia/CIS lesions [158].

In another study, PDT was used successfully to treat
laryngeal carcinoma. Out of ten patients, nine achieved
successful outcomes. PDT alone was used in seven
patients, while temoporfin, another photosensitizer,
was used to treat four sarcomas. The study reported no
harmful adverse effects, and post-treatment, five patients
experienced improvement in their voices, with none
experiencing vocal deterioration [166].

In their research, Karakullukcu et al. discovered that
temoporfin-mediated PDT is a highly favorable treatment
option for tongue tumors, soft palate, alveolar process,
and retromolar trigone. This approach offers several ben-
efits, including reduced morbidity and a satisfactory rate
of complete response. Furthermore, temoporfin-PDT
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proves to be particularly effective for challenging lesions,
such as recurring primary neoplasms in areas that have
undergone previous surgery or radiation therapy, while
maintaining minimal morbidity [99].

Similarly, the study conducted by Lambert et al. dem-
onstrated the effectiveness of temoporfin-mediated PDT
for the treatment of oral and/or oropharyngeal HNSCC.
The results indicated that in 76.9% of cases, complete
tumor response was achieved, and recurrence-free rates
were reported. Notably, the outcomes were more favor-
able for oropharyngeal squamous cell carcinoma com-
pared to oral cavity squamous cell carcinoma alone. The
study also found that adverse events were manageable,
and a significant number of patients maintained swallow-
ing and upper airway functionality [162].

PDT has shown promise in the treatment of naso-
pharyngeal carcinoma (NPC). For instance, Succo et al.
investigated its use for recurrent/persistent NPC and
found that precision nasopharyngeal PDT may benefit
patients who do not respond to other conventional thera-
pies [165]. Similarly, another study focusing on recur-
rent advanced NPC demonstrated significant symptom
reduction and tumor volume reduction with PDT [167].

In addition, in their respective studies, both Stoker et
al. and Nyst et al. shed light on the potential benefits of
PDT in the treatment of head and neck malignancies,
including NPC. Stoker et al. demonstrated that PDT has
comparable efficacy to surgery and reirradiation, suggest-
ing it as a viable treatment option when surgical inter-
vention or reirradiation is not feasible or preferred [169].
Likewise, Nyst et al. emphasized the advantages of PDT
for NPC, such as its short treatment duration and the
ability to be performed in an outpatient clinic under local
anesthesia [168]. These findings collectively support the
consideration of PDT as a convenient and well-tolerated
alternative or adjunctive therapy for selected patients
with head and neck malignancies, including NPC, in
cases where other treatment options may be limited or
less desirable.

In summary, these studies collectively provide evidence
of the clinical advantages, safety, and efficacy of PDT in
the treatment of various head and neck cancers. PDT has
shown positive outcomes, minimal adverse effects, pres-
ervation of organ function, and improved quality of life
for patients. However, it is important to consider individ-
ual patient factors and further research to determine the
optimal use of PDT in clinical practice.

Theranostics and Photodynamic Therapy

The theranostic approach in PDT combines several
modalities in a single system, allowing for precise drug
delivery, therapy monitoring, improved tumor penetra-
tion, and controlled drug release. In the field of oral can-
cer research, liposomes are among the theranostic agents
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being explored. These liposomes serve as platforms for
both MRI contrast agents and photosensitizers, enhanc-
ing relaxivity and photodynamic efficacy compared to
liposomes with only the contrast agent. The theranostic
strategy of merging diagnostic and therapeutic agents in
a single system may lead to more targeted and precise
treatment of oral cancer, improving patient outcomes
[185].

To enhance the performance of PDT, targeted plat-
forms have been developed. Wang et al. investigated
iron-oxide nanoparticles targeted to head and neck can-
cer, which accumulated in tumors and reduced the size
of squamous cell carcinoma xenografts [186]. Stimuli-
responsive drug delivery systems have been employed
in oral cancer research, taking advantage of the unique
tumor microenvironment properties. One such exam-
ple is the use of light-responsive drug delivery systems,
which combine photodynamic and photothermal thera-
pies, demonstrating synergistic therapeutic effects
in treating HNSCC. The dual-therapy approach can
enhance treatment efficacy, reduce drug resistance, and
minimize side effects, offering a promising strategy for
HNSCC management. Thus, these drug delivery systems,
by leveraging the responsiveness to specific stimuli, can
provide targeted and personalized treatment for oral can-
cer patients [187, 188].

In addition to combining different modalities, research-
ers have explored multimodal treatment approaches
[189]. For instance, nanoplatforms combining photo-
dynamic therapy and photothermal therapy have been
developed using agents such as Rose Bengal and gold
nanorods. These platforms demonstrated enhanced anti-
cancer efficacy against oral cancer. Hybrid nanoparticles
incorporating photothermal and photodynamic therapy
agents have also been used to produce hyperthermia and
ROS, effectively killing OSCC [128, 190].

Gene therapy has been combined with photodynamic
therapy in a theranostic system to treat HNSCC. This
dual-therapy approach targets the Wnt/p-catenin signal-
ing pathway, which is involved in tumor progression, to
enhance the efficacy of PDT. Nanoparticles delivering
Wnt-1 siRNA and photodynamic therapy have shown
significant inhibition of OSCC growth and increased
cancer cell killing. This innovative strategy has the poten-
tial to improve treatment outcomes, decrease drug resis-
tance, and minimize side effects for HNSCC patients.
To clarify, through targeted delivery of Wnt-1 siRNA,
the nanoparticles effectively suppress the expression of
the Wnt-1 gene, which is involved in the Wnt/B-catenin
signaling pathway. By attenuating the aberrant activa-
tion of this pathway, cancer cell proliferation and survival
are reduced. When combined with PDT, which utilizes
a photosensitizing agent and light activation to generate
ROS and induce tumor damage, the efficacy of cancer
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cell killing is further enhanced. The synergistic effect of
Wnt-1 suppression and PDT has demonstrated signifi-
cant inhibition of OSCC growth and increased cancer
cell death in preclinical studies. However, additional
research is needed to validate these findings and explore
the clinical potential of this combination therapy [191].

These studies highlight the potential of theranostic
approaches in oral cancer treatment, offering enhanced
drug delivery, therapy monitoring, and improved thera-
peutic outcomes. Thus, researchers, by combining differ-
ent modalities and targeting strategies, aim to optimize
the efficacy and safety of photodynamic therapy for the
management of head and neck cancers.

Concluding Remarks and Prospective

PDT is subcutane-
ous tumors, focusing on oral, head, and neck cancers.
Researchers aim to improve PDT by developing new
photosensitizers that are more soluble, less toxic, and
better at targeting cancer cells. One promising method is
conjugating sugars to photosensitizers to enhance target-
ing of sugar receptors on tumor cells, exploiting tumors’
increased glucose consumption.

Two-photon PDT uses longer wavelengths of light
for deeper tissue penetration, potentially treating deep-
seated tumors. Advances in endoscopic devices, pho-
tosensitizers, and tumor vaccines are enhancing PDT’s
effectiveness, including targeting cancer stem cells with
antibody-conjugated photosensitizers. Topical ALA-
PDT, using ALA as a photosensitizer, is a minimally inva-
sive approach for oral cancer with minimal side effects
and is suitable for outpatient settings. Researchers are
also exploring upconversion nanoparticles to enable
deeper tissue penetration and strategies to counter
tumor hypoxia, such as introducing exogenous oxygen
or inhibiting hypoxia-inducible factor 1, to improve PDT
efficacy. Efforts are underway to discover better photo-
sensitizers with improved properties. Currently, to the
best of our knowledge, Photofrin and Chlorin e6 are the
FDA-approved photosensitizer for clinical use in PDT.
However, researchers are searching for photosensitizing
agents with greater tissue penetration, narrower excita-
tion wavelength bands, high excitation efficiency, selec-
tivity for malignant tissue, good fluorescent properties,
and rapid clearance from the body. Second-generation
photosensitizers, such as Phthalocyanins, Bacteriochlo-
rophyl, and Bacteriochlorin a, are currently being inves-
tigated. PDT can also be used as an adjunct to surgery,
particularly in cases where tumor margins are unclear or
radical resection is challenging. Intra-operative PDT has
shown promise in preventing local recurrence in certain
types of cancer. Additionally, researchers are exploring
the concept of in situ photosensitizer synthesis, where a
precursor is administered and preferentially accumulated

a non-invasive treatment for
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or converted into an active photosensitizer by the tar-
geted tissue.

Future studies in PDT, to the best of our knowledge,
should focus on several key areas to enhance its efficacy
and broaden its clinical applications. First, there is a criti-
cal need for the development of advanced photosensi-
tizers that improve targeting specificity to cancer cells
while reducing toxicity and enhancing solubility. This
includes exploring novel strategies like conjugating sug-
ars or other targeting molecules to photosensitizers to
exploit tumor-specific characteristics such as increased
glucose metabolism and surface receptors. Additionally,
optimizing two-photon PDT for deeper tissue penetra-
tion and combining it with other therapies could improve
treatment outcomes, particularly for deep-seated tumors.
Overcoming tumor hypoxia remains a significant chal-
lenge, prompting research into innovative methods to
enhance oxygen delivery within tumors or modulate the
hypoxic tumor microenvironment to make PDT more
effective. Moreover, advancing clinical applications with
portable devices for outpatient use, refining endoscopic
PDT techniques, and exploring PDT’s synergistic effects
with immunotherapies or tumor vaccines are crucial
avenues for future investigation. Ultimately, integrating
these advancements could pave the way for personalized
PDT approaches tailored to individual patient profiles,
thereby improving overall treatment efficacy and patient
outcomes across various cancer types.

In conclusion, PDT holds promise as a non-invasive
treatment modality for subcutaneous tumors, particu-
larly in the field of oral, head, and neck cancers. Ongo-
ing research efforts focus on improving photosensitizers,
enhancing tumor targeting, addressing tumor hypoxia,
and optimizing treatment parameters. Advancing our
understanding of PDT will ultimately lead to improved
efficacy, expanded applications, and a better understand-
ing of its clinical value.
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