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Abstract: Some of these include basal cell carcinoma (BCCs), squamous cell carcinoma (SCCs), and melanoma; skin
cancer is a leading global health problem due to its high prevalence and possibly due to its serious health implica-
tions. Conventional and known therapies like surgeries, radiation therapies and chemotherapy although helpful are
sometime deleterious and do not specifically attack the cancers. New advancement is half-breed technique has re-
cently been recognized that photodynamic therapy (PDT) can be considered as a potentially effective modality by us-
ing photosensitizers which work through the generation of localized ROS on exposure to light. This review analyzes
the recent progress in PDT and evaluation of its effectiveness in the cure of skin malignancies: with the emphasis
on its applicability to BCCs and SCCs, as well as the limitations concerning the cure of melanomas. This review gives
an insight to how PDT works and how it can be combined with other forms of therapy, and the prospects of photo-
sensitizer carriers with special reference to nanotechnology. Also, the optimization of the parameters associated
with the use of PDT is explored in an attempt to improve on its safety and efficacy in treatment. As such, the purpose
of this systematic review of the literature is to advance the knowledge of PDT usage in contemporary dermatologic
oncology and to contribute to the eventual expansion of this therapy into other skin diseases and potential use as

a first-line treatment for skin neoplasia.
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Introduction

Skin cancer is the predominant type of cancer,
making up around 50% of all cancer cases in
the United States [1]. Non-melanoma skin can-
cers (NMSCs) are the most prevalent kinds of
skin cancer. They include basal cell carcinoma
(BCC), which develops in the basal cells, and
squamous cell carcinoma (SCC), which devel-
ops in the squamous cells [2]. Basal cell carci-
nomas (BCCs) are seldom lethal, but they can
cause severe disfigurement if left untreated
and allowed to proliferate. According to the lat-
est estimate, some 2.8 million cases of basal
cell carcinomas (BCCs) and 700,000 cases of
squamous cell carcinomas (SCCs) are identi-
fied per year in the United States [3].

Sunlight and other artificial sources of ultravio-
let (UV) radiation, such as tanning beds, can
cause skin cancer, which is a type of skin can-
cer that develops in the skin. The United States
alone diagnoses more than 5.4 million cases of

skin cancer each year, making it the most com-
mon type of cancer globally [4]. Considering
that some people may get more than one diag-
nosis, this equates to about 3.3 million Ame-
ricans. In Spain, there are around 8.82 new
cases of melanoma per 100,000 people per
year, with 2.17 new cases of mortality per
100,000 people per year. Several other Euro-
pean nations, along with the US, AU, and NZ,
have rates that are lower than this one. Spain
had a crude incidence rate of 38.16 per
100,000 person-years of squamous cell carci-
noma (SCC) [5]. When compared to other na-
tions, including Germany and Slovakia, Spain
has a very low incidence rate. Location, sun
exposure habits, socioeconomic status, and
smoking habits are some of the variables that
can impact these rates [4].

Treatments for skin cancers other than mela-
noma often include radiation, cryo, fluorouracil,
imigquimod, and surgical procedures. Basal and
squamous cell carcinomas are often treated
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with surgery, however less invasive methods
such as fluorouracil or cryotherapy may also be
employed. Radiation therapy may be utilized as
a treatment option for people who are unable
to undergo surgery due to medical reasons [6].
Imiquimod is frequently utilized to treat many
types of basal cell carcinoma, including nodular
basal cell carcinoma and sclerodermiform ba-
sal cell carcinoma, as well as various forms of
squamous cell carcinoma, such as Bowen’s dis-
ease and keratoacanthoma [7]. While the exist-
ing treatments have various levels of effective-
ness, they often lack specificity and often fail to
directly target the tumor or its surrounding envi-
ronment. Additionally, they are linked to a sig-
nificant occurrence of negative effects and pro-
duce unsatisfactory cosmetic outcomes. There-
fore, it is necessary to explore alternate thera-
py alternatives for people suffering from these
illnesses [8].

Genetic factors and exposure to UV radiation
from sunshine or tanning beds are significant
contributors to the development of skin cancer.
Conventional methods for treating skin cancer,
such as surgery, radiation therapy, and chemo-
therapy, result in significant side effects be-
cause to the indiscriminate impact on normal
cell activity [9]. Photodynamic therapy (PDT) is
a treatment that utilizes light and light-activat-
ed chemicals called photosensitizers (PSs) to
induce photochemical reactions [10]. The rapid
and excessive generation of reactive oxygen
species (ROS) leads to apoptosis, necrosis, or
immunogenic cell death. It also causes lipid
peroxidation, DNA damage, microvascular dam-
age, and local immunological reactions [11-13].
Photodynamic treatment (PDT) has been incr-
easingly used to treat several kinds of solid
tumors, such as those affecting the brain,
intestines, bones, bladder, prostate, breast,
cervix, ovary, and others, throughout the last
three decades since its inception [14].

The skin, being the outermost layer of the body,
is a suitable target for photodynamic therapy
(PDT) in the treatment of various disorders
such as acne, naevus flammeus, and skin can-
cer. The field of dermatology offers several po-
tential uses for PDT due to its abundance of
opportunities [15]. There are two primary cate-
gories of skin cancer: melanoma (MSC) and
nonmelanoma (NMSC). Although MSCs pos-
sess a high degree of malignancy and the abili-

5012

ty to spread to other parts of the body, they did
not exhibit any signs of photodynamic therapy
(PDT) [16]. Basal cell carcinomas (BCCs) acco-
unt for around 75-80% of the most frequent
kind of cancer in the world, known as non-mel-
anoma skin cancer (NMSC). Squamous cell car-
cinomas (SCCs) make up roughly 20-25% of
NMSC cases, while the other 5% consist of AK,
Bowen'’s disease, Merkel cell carcinoma (MCC),
and other varieties [17].

Skin caner
Types and pathology of skin cancer

Basal cell carcinoma (BCC): Most sun-exposed
parts of the body, such the head and neck, are
more likely to develop basal cell carcinoma, the
most common and least invasive skin cancer
[18]. Cancer that begins in the epidermis’s
basal layer is called basal cell carcinoma. The
p53 tumor suppressor gene, Ras protein, and
sonic hedgehog glycoprotein are hypothesized
to be mutated and rendered inactive by expo-
sure to ultraviolet B radiation. This is assumed
to be the fundamental process that leads to the
development of basal cell carcinoma. The hair
follicle germ cells are also linked to its genesis
[19]. Based on its appearance, risk of recur-
rence, and metastasis, BCC has been subdi-
vided into several forms, including nodular,
superficial, micro nodular, and infiltrative BCC.
Because of its distinct lesion borders and easy
clinical identification, nodular basal cell carci-
noma has an exceptionally low recurrence rate
when compared to other subtypes. This is be-
cause it allows for more precise treatment. A
smooth or reddening of the outer skin layer,
with little or no invasion of the dermal layer, is a
hallmark of superficial basal cell carcinoma. In
contrast to other subtypes of basal cell carci-
noma, micro nodular BCC is characterized by
the formation of small, spherical aggregates of
basaloid cells. Lastly, the most severe form of
basal cell carcinoma is infiltrative BCC, which
penetrates into the dermis and other deeper
layers of skin [20]. Basal cell carcinoma (BCC)
often manifests on areas of the body that are
exposed to the sun, particularly the facial skin
and the nasal region [21]. The primary variables
that increase the likelihood of developing basal
cell carcinoma (BCC) include exposure to ultra-
violet radiation (UV), having light skin, long-term
suppression of the immune system, being ma-
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Figure 1. Four stages of BCC development under sunlight exposure [138].

le, being of advanced age, and having certain
genodermatoses [22]. Figure 1 illustrates the
several phases of basal cell carcinoma (BCC)
development that are linked to exposure to sun-
light. Factors that increase the likelihood of
developing basal cell carcinoma include hered-
ity (e.g., Gorlin-Goltz syndrome), chronological
age, gender, immunosuppression, sun expo-
sure, and Fitzpatrick skin types | and Il [23].

Squamous cell carcinoma: Among skin can-
cers, squamous cell carcinoma ranks second
with a prevalence of 25%. Comparatively, basal
cell carcinoma is less intrusive [24]. Squamous
cell carcinoma is more likely to occur in the cer-
vicofacial regions, such as the lower lip and
ears, than basal cell carcinoma. In SCC, Ras
protein is pivotal, in contrast to BCC, which
develops from a mix of E-cadherin protein inac-
tivation and p53 tumour suppressor gene
mutation. An aberrant proliferation of invasive
squamous cells with metastasis potential is the
hallmark of squamous cell carcinoma [25].
Lesion location, depth, size, and distinctive-
ness all have a role in SCC severity. Lesions
with dimensions larger than 2 cm in diameter
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and 4 mm in depth are more prone to recur-
rence and metastasis. When it comes to differ-
entiation, a fully-formed SCC is marked by dis-
tinct cell structural variations, uneven dermal
neoplastic keratinocyte infiltration, and varying
degrees of inflammation and fibrosis under-
neath the tumor. Moderate SCC, on the other
hand, invades blood vessels and has increased
mitotic activity and a more widespread inva-
sion. Squamous cell carcinoma with poor dif-
ferentiation often invades the dermis and lacks
keratinization. Overexposure to UV radiation is
a major cause of SCC and BCC (Figure 2).
Nevertheless, SCC is thought to be caused by
other factors as well, including chemical car-
cinogens, genodermatoses, inflammatory con-
ditions, and medications (tumor necrosis factor
o inhibitors) [26, 27].

Melanoma: Melanoma accounts for 5% of cuta-
neous malignancies, the lowest prevalence of
skin cancer, but it is also the most aggressive
and kills over 80% of skin cancer patients [28,
29]. The cancerous growth of melanocytes, the
cells that produce the pigment known as mela-
nin, is known as melanoma. The unchecked
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Figure 2. Impact of ultraviolet radiation on the genetic material of epidermal keratinocytes leading cutaneous squa-

mous cell carcinoma (SCC) [139].

proliferation of these cells causes the cancer to
metastasize, or spread, to other regions of the
body. The lesion will be flat and pigmented
when it is first discovered. The shape will be
hazy, and it will stay on the surface of the skin.
In its later stages, the tumor grows vertically
and infiltrates the dermal layer's collagen
strands. Lastly, the tumor spreads to the sub-
cutaneous tissue, where it creates little bumps
and elevated spots [30]. The United States has
a survival rate of 3-11 months for individuals
with advanced melanoma. Patients with meta-
static melanoma had a five-year survival rate of
fewer than 10% after diagnosis. The five-year
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survival rate for patients with stage | and Il mel-
anoma was 99.4%, but the rates for stage Il
and IV were 68.0% and 29.4%, respectively,
according to the data. Genetics, fair skin, expo-
sure to UV radiation, chemical carcinogens, and
immunosuppression are some of the risk fac-
tors for melanoma. There was additional evi-
dence that indoor tanning contributed to the
development of melanoma [31].

Epidemic of skin cancer

Itis critical to examine the relationship between
climate change and the prevalence of cutane-
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ous malignancy, a dangerous skin cancer, as
there is mounting evidence that climate change
is having a negative effect on human and envi-
ronmental health.

According to study, academics have long
acknowledged that the Maritime Road’s con-
struction would have far-reaching effects on
the economies of the Indian Ocean area [32].
According to Zhao (2018), a Chinese scholar,
China’s main goal with the maritime route is to
build a strong foundation for the maritime
economy, which will improve trade links and
pave the way for regional economic growth.
This trio of important South Asian countries
Bangladesh, India, and Myanmar will be able to
work together more efficiently because to the
Maritime Road. Reduced shipping delays and
strong collaboration with 18 surrounding na-
tions are the focal points of the author’s em-
phasis on the region’s considerable potential.
To facilitate easy communication, China has
invested much in building a network of ports
throughout South Asia. Building projects in
South Asia, according to study have boosted
portside industrial development and allowed
local infrastructure to be completed [33]. Not
only will the ports improve international com-
merce, but they will also attract new suppliers
of commodities. According to study, a more
efficient network and better local connection
would boost cooperation between China and
the Association of Southeast Asian Nations,
which in turn will increase China’s regional
influence.

According to research, the main goal of the
maritime road is to build a strong maritime
network that would boost regional commerce
and strategic collaboration among South Asian
countries.

The alarming increase in the occurrence of skin
cancer as a result of sun exposure is a more
serious concern [34]. The last forty years have
seen a tripling in the country’s new case count
[35]. Study reported that CMM occurred at a
rate of 4 to 5 percent each year worldwide. The
nations with the greatest occurrence of skin
cancer are Australia and New Zealand, which
also happen to have the highest rates globally.
It is possible that the dangerous mix of fair-
skinned people, living in a subtropical latitude
region, and a culture that values outdoor activi-
ties greatly is to blame for the recent dramatic

5015

increase in skin cancer cases [36]. However,
there are authors who argue that the increas-
ed screening and biopsies, better diagnostic
skills among doctors, and evolving histologic
criteria are exaggerating the CMM pandemic’s
incidence. Although these factors could be con-
tributing, better detection techniques are not
the main reason CMM is becoming more com-
mon. Study demonstrated that the rise is inde-
pendent of socioeconomic status and tumor
thickness, lending credence to this idea [37].

Photocarcinogenesis

According to many studies, skin cancer is most-
ly caused by prolonged exposure to ultraviolet
radiation, which is known to be carcinogenic
[38, 39]. The ability of UVR to function as a
mutagen and initiate tumor development in the
absence of an additional agent is what qualifies
it as a complete carcinogen. Simplifying the se-
quence of events in photocarcinogenesis that
finally lead to the creation of skin malignancies
is crucial, even if it is not feasible to completely
describe the complicated biochemical path-
ways in this work.

Just to review, UVA light triggers the produc-
tion of ROS, which in turn cause DNA damage
including single-strand breaks, crosslinks, and
altered nucleotides. Conversely, pyrimidine di-
mers are produced when ultraviolet B radiation
absorbs straight into DNA [40]. The DNA exci-
sion repair systems are overpowered by muta-
genesis and cannot handle extensive exposure
to UVR. The expression of tumor suppressor
genes decreases and proto-oncogenes rise as
a result of this mutagenesis. Study found that
this disruption of apoptosis control causes a
decrease in cell death and the subsequent
expansion of clonal cell populations [41]. Accor-
ding to study [42], photo carcinogenesis is
accelerated when exposed to ultraviolet radia-
tion, which suppresses the immune system. Re-
search conducted by the World Health Org-
anization has shown a high correlation between
the development of cutaneous malignant mela-
noma and non-melanoma skin cancer. Both the
scientific and medical communities have come
to this same conclusion. Indeed, UVR has been
designated as a carcinogen by the International
Agency for Research on Cancer. The likelihood
of getting various forms of skin cancer may vary
according to factors such as the frequency and
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Figure 3. Conventional therapy for cancer treatment.

severity of sunburns, the precise pattern of
UVR exposure, and the amount of time spent in
the sun [43].

Methods of therapy currently used and their
limitations

The sort, size, location, and stage of growth of
the tumor dictate the most successful treat-
ment option for skin cancer [44]. Excision,
Mohs, radiation, immunotherapy, and targeted
treatment are common procedures used to
treat large-stage skin cancer in its early stages.
Cryotherapy, photodynamic therapy, immuno-
therapy, laser therapy, curettage and electro-
dessication, and other minimally invasive treat-
ments are available for skin cancers of varying
sizes. Following surgical removal or physical
eradication of a cancer, immunotherapy and
targeted treatment aim to prevent its return. It
is strongly recommended to provide chemo-
therapeutic medications orally, intravenously,
or topically in advanced cases of skin cancer
when the tumour has metastasized to other
organs such the brain, lungs, liver, or bone [45,
46]. As shown in Figure 3, the following text
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offers a brief summary of the therapeutic tech-
niques presently used for the treatment of skin
cancetr.

Excisional surgery

The standard method for treating skin cancer is
excisional surgery. To prepare the tumour for
histological examination, this method entails
slicing it at 1.5 to 2 mm intervals. This meth-
od’s main advantages are its short recovery
time, small scar, and histologic confirmation of
tumour margin. The danger of infection, sero-
ma, hematoma, and significant wound growth
are among the limitations linked [47, 48].

Mohs micrographic surgery

Skin tumours may be successfully removed
using the state-of-the-art Mohs micrographic
surgical procedure. This method involves ob-
serving the patient under local anesthetic
and removing the biggest possible tumor using
a microscope. Also, it helps keep healthy tis-
sues safe from injury. This method of acquiring
horizontal slices gives a complete view of the
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object’s inside and outside. Mohs surgery suc-
cessfully reduces the risk of basal cell carcino-
ma (BCC) and squamous cell carcinoma recur-
rence while being more cost-effective than con-
ventional surgical methods [47, 49, 50].

Curettage and electrodessication

Using a combination of cauterization and cu-
rette scraping, a specialist technique called
curettage and electrodesiccation may kill ma-
lighant tumours and the healthy tissues around
them. Small skin cancers are the only ones that
can be treated with this method; large, high-
risk tumours should not be treated with it. In
addition, without the specimen, it is not feasi-
ble to evaluate the margin. Consequently, it is
the strategy that has the lowest level of support
[51, 52].

Cryotherapy

One treatment option for tiny tumors like basal
cell carcinoma or squamous cell carcinoma is
cryotherapy, which involves freezing the tumors
in liquid nitrogen until they reach a temperature
that destroys their cells. Along with a high suc-
cess rate in tumor eradication, this surgery has
the added advantage of not causing any visible
scars or bleeding after treatment. This method
is underutilized in skin cancer therapy due to
the difficulty in determining tumor margins and
the need to rely on skilled specialists [53, 54].

Radiation therapy/radiotherapy

Radiation therapy, generally known as radia-
tion, is the best option for treating advanced
and recurrent skin cancer in older patients who
either cannot have surgery or whose tumors
are too far away to remove surgically. External
radiation therapy, superficial X-ray therapy, and
brachytherapy are the three main types of this
treatment. One non-invasive way to treat radia-
tion is using volumetric arc therapy, which mini-
mizes radiation exposure to healthy tissues by
precisely controlling the dosage distribution.
Yet, there are a number of downsides to this
treatment, including the fact that it is costly,
requires several therapy sessions, and may
cause certain recurring tumors to develop dan-
gerous traits [55].

Chemotherapy, targeted treatment, and immu-
notherapy

Treatments for basal cell carcinoma, squamous
cell carcinoma, and melanoma that include
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immunotherapy, targeted therapy, and chemo-
therapy have shown promising results when
used as adjuvants [56]. Immunotherapy, tar-
geted therapy, chemotherapy, or radiation ther-
apy are alternate treatments that are highly
recommended for late stage skin cancer in
order to cure it and avoid recurrence, regard-
less of the kind of treatment. In addition, re-
search has shown that this method improves
the prognosis for skin cancer patients. However,
there is cause for worry over the drawbacks
associated with targeted treatment and immu-
notherapy, including high costs and poor pa-
tient compliance. The focus of the patients is
thereby redirected to their therapy. Although
chemotherapy may reduce treatment costs for
low- and middle-income families, it comes with
serious drawbacks, such as chemoresistance
in aggressive cancers and side effects caused
by chemotherapeutic medications [57, 58]. As
a result, an improved treatment plan is urgently
required to assure patient adherence by suc-
cessfully addressing the current issues with
skin cancer treatment approaches. When it
comes to effectively treating skin cancer, nano-
technology shows great promise.

Photodynamic therapy

A novel and non-invasive approach to skin can-
cer treatment, photodynamic therapy employs
lasers and photosensitizers to eradicate can-
cer cells [59]. Patients are first administered
photosensitizers, which are then instructed to
congregate in the tumor area. The photosensi-
tizers are then exposed to a laser beam, which
triggers the production of reactive oxygen spe-
cies and singlet oxygen. In the end, these
chemicals kill cancer cells [60]. 5-aminolaevu-
linic acid [18, 61], hematophyrin derivatives
[62], boron-dipyrromethene, and others are
photosensitizers that are often employed [63].
According to research, combining photodynam-
ic treatment with topical anticancer drugs is an
effective strategy for removing skin tumors.
The method has the drawback of not being able
to remove expensive, deeply embedded tumors
[66] effectively. To enhance the tolerability, effi-
cacy [64-68], and convenience of PDT, several
different approaches have been investigated.
Figure 4 shows the mechanism of PDT using
Jablonski Scheme.

Improving patient experience and raising the
possibility of future treatment adherence re-
quires lowering downtime caused by local skin
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Figure 4. A revised Jablonski diagram showing the workings of photodynamic treatment [140].

reactions and boosting tolerability. To alleviate
pain, researcher assessed a number of meth-
ods, noninvasive and invasive methods, such
as administering numbing medication through
a vein or artery, using ice or air to dull pain, or
inhaling a vapor [69]. Research has also looked
at the efficacy of topical analgesics such lido-
caine and prilocaine, morphine gel, and tetra-
caine gel in alleviating pain. Nevertheless, no
significant reduction in pain was seen in these
investigations [70, 71]. Research on the effica-
cy of nerve blocks in reducing PDT-induced pain
has been extensive. Among these studies,
study contrasted the efficacy of [69]. According
to research by the most effective method for
relieving pain using a visual analogue scale was
a nerve block. The administration of intrave-
nous and cold air analgesics followed [72].
Compared to a control group, inhalation analge-
sia - specifically, a 1:1 combination of oxygen
and nitrous oxide - greatly reduced pain, accord-
ing to a research [73]. However, the results are
not consistently the same since there isn't a
single, agreed-upon methodology for PDT, and
because different research have employed dif-
ferent approaches. For this reason, further
studies examining other methods of pain treat-
ment are required. Medical practitioners have
explored many methods to improve the toler-
ance of ALA-PDT protocols, such as shortening
the incubation time and using DL-PDT, since
pain relief therapies may be seen as insuffi-
cient or too invasive. Not much is known about
the correlation between the amount of time an
ALA-PDT takes to incubate on the skin and the
amount of pain that it causes. What incubation
length will allow the photosensitizer to pene-
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trate the material the most effectively is un-
known [74]. After applying 20% 5-ALA to many
AKs and surrounding tissue on the scalp and
face, a kinetics of observation investigation dis-
covered that the accumulation of PplIX chang-
ed compared to the control group. Half of the
lesions had PplX levels considerably higher
than normal after 20 minutes, and all of the
lesions had PplX levels higher than normal af-
ter 2 hours of administration, according to the
research [74].

The 5-ALA incubation period used in practice
has been steadily reduced over the last 20
years, although this change has had no impact
on the effectiveness of treatment. Two hundred
thirty-four patients with actinic keratoses on
the face or scalp were evaluated in a random-
ized controlled study to find out how effective
blue light photodynamic therapy was after a
large-area application of 20% 5-ALA with differ-
ent incubation durations from one to three
hours. At week 12 (29.8% vs. 27.7%) and week
24 (23.4% vs. 25.5%), the rates of 100% lesion
removal were comparable for the 1-hour and
3-hour incubation treatments, respectively. Bo-
th treatments outperformed vehicle-PDT by a
substantial margin. Interestingly, compared to
patients who underwent the 3-hour incubation,
those who underwent the 1-hour incubation
reported lower rates of erythema (38.3% vs.
61.7% and 2.1% vs. 6.4%, respectively), moder-
ate-severe stinging/burning immediately after
the treatment (63.8% vs. 78.7% and 21.3% vs.
57.4%, respectively), and at the 2-week follow-
up (63.8% vs. 78.7% and 21.3% vs. 57.4%,
respectively). Patients with numerous actinic
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keratoses on the scalp and face were random-
ized to receive blue light exposure either imme-
diately after applying 20% 5-ALA or after wait-
ing 1 hour. At the 3-month follow-up, the clinical
efficacy was practically comparable for both
treated sides. On the other hand, the side that
got light first reported far less discomfort. A
case study with a patient who had 5-ALA treat-
ment followed by blue light photodynamic ther-
apy revealed similar results. During the 4-month
follow-up, the patient’s scalp and face showed
almost full eradication of actinic keratoses,
and the treatment was painless [75]. Few
details on the mechanism by which efficacy is
preserved and discomfort is reduced are
known. Photons may be continually degrading
intralesional PplX, which stops it from building
up and spreading to nearby neurons, which is
one possible explanation. In order to reduce
field cancerization in high-risk individuals, one
research examined the effectiveness of broad-
area photodynamic therapy with 20% 5-ALA
and blue light illumination. A vehicle-controlled
randomized trial was conducted. The incuba-
tion period was so short that the experiment
yielded positive results [76].

Alternative light sources

The efficacy of photodynamic therapy treat-
ment is dependent on the light source and the
absorption spectra of the photosensitizer
(Figure 5A, 5B). In order to lessen the discom-
fort of photodynamic therapy and increase tis-
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sue penetration, researchers have used coher-
ent (photons that are in phase and focused)
and noncoherent (photons that are out of pha-
se and often dispersed) light sources throug-
hout the last decade (Table 1).

One possible alternative to photodynamic ther-
apy for non-melanoma skin cancers, such as
actinic keratosis, superficial basal cell carcino-
ma, and in situ squamous cell carcinoma, is
strong pulsed light devices [77]. Intense pulse
light uses non-laser light with a high intensity
to cover more skin with pulses of light with a
wide range of wavelengths. A clearance rate of
68-90% after 3 months after 1-2 sessions is
realized when 20% 5-ALA or MAL is used in con-
junction with IPL-based PDT activation [78, 79].

Research has shown that pulsed-dye lasers
may effectively cure AKs. Before treatment with
curettage and methyl aminolevulinate, partici-
pants in a prospective study with multiple
actinic keratoses on the scalp or forehead were
given a 3-hour incubation period. They were
then treated with either conventional light-emit-
ting diode treatment or pulsed dye laser illumi-
nation on the other side. When compared to
traditional PDT at the 12-month follow-up, PDL-
PDT had the same number of AKs. The stan-
dard deviation of the change relative to the
beginning was -0.46 (95% Cl -1.28 to 0.35; P =
0.258). According to the study, there was a sig-
nificant decrease in pain scores when PDL-PDT
was used instead of LED-PDT (mean difference
in visual analog score, -4.55; P < 0.01) [80].
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Table 1. Comparison of various studies studying effect of light exposure in PDT treatment

Skin cancer treatment

Study Type Patient char Light exposure Patient pop Lesions Intervention PDT treatment Result Ref
Bilaterally Age distribution: mean First cohort: 30 minutes 23 individuals; 2 AKs Compare PDT with without incubation,  AK lesions responded [74]
controlled trial 69.7 years, range 58-88 blue light F, 21M standard lighting vs.  20% 5-ALA similarly to cPDT (57.7%
years Step 2: 45 Minutes Blue simultaneous on the face and 59.1% on
For both 50 and 75 years Light the scalp) with a modified
Stage 3: 60 Minutes Blue PDT regimen that was
Light nearly painless
Proof of concept 35-65 years N/A A group of five Not Examined how TMFI (1) ALA gel (20%) tMFI pretreatment sub- [67]
actives, healthy applicable affects skin 5-ALA (2) Gel that contains  stantially enhanced 5-ALA
individuals absorption 10% 5-ALA and MAL percutaneous
(3) A 16.8 percent permeability
MAL cream
A 20% solution of
5-ALA
Observational Age range: 54-93 years; Epidermal cooling, 25 individuals (16 BD, sBCC, Patients receiving MAL AKs: 90% CR [77]
mean: 71.3 years interpulse delay of 100 men and 10 women) and AK MAL treated with for three hours PR: ten percent
ms, triple pulse mode IPL in NMSC sent by BCC: 80% CR
of 3.3, 3.9, and 4.6 ms, Public Relations: 20%
fluence of 18 J/cm?, and BD: Criteria: 100%
intense pulse light activa- Level of PR: 0%
tion using the Photosilk
plus device from DEKA
M.E.LAA. S.r.l.
Prospective Among the 126 patients All light sources-PDL, IPL, 220 individuals; AKs To activate PDT, isit Twenty percent IPL + blue light worked [64]
treated for photodamage, and PDL + blue light-had  genders not speci- better to use IPLor  5-ALA for two hours  better than IPL or PDL
88 had AK fluences between 6 and fied PDL with or without alone
12 J/ecm?, pulse widths blue light
between 5 and 20 ms,
and contact cooling
Prospective Average 67.7 years; range Eight minutes of blue 48 individuals (40 AKs Treatment with Incubated for 20, Full AK response after 1 [82]
split-face trial 49-86. light exposure with a total M, 8 F) met pain microneedles 40, or 60 minutes month (microneedle vs.
fluence of 4.8 J/cm? objectives (690-micron length)  (microneedle side) sham):
as opposed to a or 60 minutes (sham 20 min: 71.4%, 68.3%
control group side) with a 20% 40 min: 81.1%/79.9%
5-ALA solution 60 min: 72.1%, 74.2%
Retrospective Age averaged 68.7 £ 9.4 Do IDL for thirty-five 46 individiduals; 4 > 5 AKs Treatment of AFL 40 to 60 minutes Achievement rate of [142]
years minutes F, 42 M with IDL DL-PDT with BF-200 ALA 71.7% in clear
Split-face RCT Age mean * SD: Total fluence of 10 J/cm? 22 M, 10 F; 32 > 3 AKs of Scaffolding vs. Incubated for 10 or A month after AK clear- [83]
After 20 minutes: 62.8 + and 1000 s of blue light patients Grade Il pretreatment with 20 minutes is a 20% ance, microneedle vs.
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2.1 years
10 minutes: 65.4 + 2.5
years

illumination

microneedles (200
um length, roller
device)

5-ALA solution

sham:

20-minute group: 76% vs.
58% (P < 0.01)
Ten-minute arm: 43% vs.
38% (P = 0.66)
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Proof of concept N/A Hand, leg, Light exposure to blue 19 individiduals; sex  CSC, BCC, and CO, laser AFR 20% of ALA forone  AKs and thin NMSCs [66]
lip, scalp, light for 16 minutes and nor specified various AKs hour cleared better with AFR
forehead, and 40 seconds retreatment than 5-ALA-
temple PDT alone at 6 months
Prospective, Age average: 74 + 8.9 Face, or Scalp Artificial 20 J/cm? DL-PDT 28 people-6 women AK CO, laser AFR 1-hour 5-ALA nano-  The lesions count [68]
single-arm years for1h and 22 men were emulsion dropped by 91.3%
examined after three months (P <
0.0001)
RCT Average age 72.5 (52-85) Scalp, chest,  Two-hour DL-PDT 18 patients; 2:1 M:F  Areas affected Comparing frac- Debulking with frac-  Rate of AK clearance [143]
and face ratio by photodam-  tional 2940-nm Er:  tional 2940 nm Er: 81% from AFL-DL-PDT
age and AK YAG lasers to MD YAG laser and 16% The results for MD-DL-
MAL or MD PDT were 60% (P <
0.001)
Table 2. PS for skin cancer treatment
) . -~ . Time window between PSs
Design Efficiency Wavelength of excitation Characteristic of PSs Adverse Effect L . L Ref
application and irradiation
Cats-SCC, in vivo A mean progression-free interval Light-emitting diode laser 0.15 mg/kg of body weight of LP  Localized redness and 10 J/cm? applied for 100 s six ~ [144]
of 35 months was observed, and 652 nm phosphorylated m-THPC swelling in 42% of cats hours after injection, 20 J/cm?
the total response rate was 84% soon after photodynamic  applied in 200 s
therapy
1) squamous cell carcinoma 15.1, and 1) increased absorption of PC4 1) exposed 400s to light GE11-peptide-coated polymeric - 1) incubation durations ranging [145]
in vitro and substantial cell death 2) a two-beam split-diode micelles containing silicon phtha- from 2 hours to 24 hours
2) an in vivo model of human tongue 2) improved PC 4 uptake and laser operating at 672 nm  locyanine-4 (Pc 4) 2) two days after a bolus
cancer using xenograft tumours in mice tumour regression injection of 0.01 mL/g into the
tail vein
Primary cSCC cells grown in vitro and When compared to free ZnPc, 670 nm laser diode Chitosan/mPEG PLA NPs loaded  No toxicity to the dark After pretreatment with mi- [123]
in vivo from SKH-1 SCC mice that were  the ZCPP greatly improved the with ZnPc areas, no toxicity to the croneedles, applying topically
triggered by ultraviolet light efficacy of PDT system
Approachable BCCs Lesion clearance: 93.8% for - Compare hexyl aminolevulinate Discomfort, redness, edo-  Apply topital after 3 hours, [125]
MAL, 90.9% for BF-200 ALA, and at 2% with monomethyl al- ema, swelling, and haem-  lighted for 7 minutes and 24
87.9% for HAL lylamide at 16% and BF200 ALA  orrhage in the region that  seconds
at 7.8% has been treated
Experimental melanoma models (MUG- The viability of SCC-25 (34%), A 2.5 J/cm? blue light beam  Hybridized soy phosphatidylcho- - Incubation for four hours [119]
Mel2, SCC-25, HaCaT cells) MUG Mel2 (27%), and HaCaT line LPs with curcumin
(11%), all reduced at a concen-
tration of 10 mM
Non-aggressive BCCs in a phase Ill ran-  Among those who took the sur- A 635 nm red beam BF-200 ALA gel compared to MAL - Atopically, followed by two PDT ~ [124]

domised, international, non-inferiority
study in the UK and Germany

vey: 91% in the MAL group and
93.4 in the ALA group

cream

sessions spaced one week
apart
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Figure 6. Increase in apoptosis in A431 cells caused by HB-LED PDT. (A) Flow cytometry was utilized to identify varia-
tions in apoptosis rates within the four groups, and (B) the statistical analysis of the apoptosis rate of A431 cells in

each group was conducted [81].

Yuanyuan Liu et al. studied the pro-apoptotic
effects and molecular processes of HB-LED
PDT in A431 cells, which are a kind of cutane-
ous squamous cell carcinoma. This knowledge
may provide a crucial theoretical basis for the
practical use of HB-LED PDT in the treatment of
¢SCC. The proliferative activity of A431 cells
was suppressed, and nuclear fragmentation
was increased by HB-LED PDT. HB-LED photo-
dynamic therapy (PDT) suppressed the func-
tioning of mitochondria, enhanced the genera-
tion of reactive oxygen species, and induced
programmed cell death (apoptosis) in A431
cells. Furthermore, the HB-LED PDT led to an
increase in many crucial components of the
apoptotic signaling pathway at both the tran-
scriptional and translational levels in A431
cells. This suggests that the HB-LED PDT acti-
vated the apoptotic signaling pathway. The rate
of programmed cell death (apoptosis) in A431
cells was significantly higher in the HB+LED
PDT Group compared to the HB group. This sug-
gested that the photodynamic therapy using HB
enhanced the apoptotic impact of HB on A431
cells (Figure 6A, 6B) [81].
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In this prospective four-arm trial, 210 patients
were split into four groups according to their
therapy. There were 126 individuals with photo-
damaged skin and 88 patients with multiple
actinic keratoses. After a 2-hour incubation
time, 20% 5-aminolevulinic acid was activated
by lighting it with blue LEDs. The next step was
to provide some kind of powerful pulsed light,
pulsed dye laser, or a combination of the two to
the patients. In comparison to other light com-
binations (PDL, 70.5% reduction; PDL with blue
LED, 69.3% reduction; IPL, 70.8% reduction)
and IPL with blue LED, AK lesions were signifi-
cantly decreased (84.4% decrease) after one
month from the start [64].

Pretreatment

Priming the skin to increase photosensitizer
absorption has been the subject of many exper-
iments (Table 2). One of the easiest techniques
for applying the photosensitizer to the skin is
microneedle-assisted incubation, which invol-
ves puncturing the skin with a microneedling
instrument. Outcomes have been inconsistent
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across many clinical trials that used split-face
designs, in which microneedling was performed
ononesidebeforephotosensitizerandphotodyna-
mic treatment were administered on the other.
Microneedling (90.5% success rate) and mild
curettage (86% success rate) before MAL-PDT
with red light illumination did not significantly
affect AK clearance 90 days after treatment in
a preliminary study that included 10 patients
[64]. The AK full response rate was unaffected
by microneedle pretreatment, as previously
shown, during the four-week follow-up after PDT
with a 20% ALA solution. An ALA solution was
pre-incubated for 60, 40, or 62 minutes on the
side that was microneedled, while the side that
was treated with a sham was pre-incubated for
60 minutes. When comparing the control and
microneedle-treated sides, the response rates
were 71.4%, 68.3%, and 72.1%, respectively.
Ten to fifteen people were involved in the re-
search [82]. Using microneedles before admin-
istering a 20% ALA solution and blue light PDT
significantly reduced AKs compared to the side
without pretreatment in two more investiga-
tions where curettage was not conducted on
the control side (with 16-19 subjects per treat-
ment group). After one to four months, the de-
crease was between seventy-six and eighty-
nine percent, whereas the untreated group only
saw a loss of fifty-eight to sixty-nine percent
[83, 84]. The absence of definitive outcomes
from pretreatment with ALA-PDT prior to micro-
needle usage indicates the need for more re-
search into this matter.

Carbon dioxide and erbium-doped yttrium alu-
minum garnet lasers are used in the suggested
technique of ablative fractional resurfacing to
produce tiny vertical channels. Photosensitizing
compounds, such as 5-ALA, are able to pene-
trate and be absorbed more deeply via these
routes [66]. Encircling the ablated vertical cha-
nnels is a coagulation zone that might store the
photosensitizer and release it gradually. A num-
ber of medical professionals have investigated
AFR’s potential as a pretreatment for ALA-PDT.
After 29 participants were given CO, laser AFR
pretreatment before ALA-PDT of actinic kerato-
sis with a 20% 5-ALA solution or MAL cream,
70.6% of lesions showed a complete response
after three treatment sessions. This was des-
pite the fact that the MAL cream was only
applied 70-90 minutes before illumination. The
parameters employed in the investigation were
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a spot density of 100 spots/cm?, a power of 30
W, a beam size of 120 uym, and a single pass
with a 50 mJ pulse. The lack of a control group
is a result of the study’s single-arm design [85].
A similar research with 28 patients found that
after only one treatment with CO, laser AFR,
the number of lesions decreased significantly
by 91.3%. Beam sizes varied from 4 to 18 mm
in relation to diameter, while treatment settings
were an 8 mJ pulse, 50 spots/cm?, and 30 W of
power. After that, an artificial daylight lamp was
used to illuminate the ALA-PDT using ALA
nanoemulsion [86]. Two 2.3 mJ pulses were
released by the laser. The pulse duration was
50 us, and the power output was setat 1.15 W.
The treatment’s density was 2.4%. The inci-
dence of new AKs was also reduced by using
AFR. A randomized split-side experiment was
recently performed to measure the efficacy and
long-term response of ALA-PDT for the treat-
ment of AK and NMSC, with and without pre-
treatment with CO, laser AFR [66]. The study
included nineteen individuals who had evi-
dence of non-melanoma skin cancer, such as
basal cell carcinoma or cutaneous squamous
cell carcinoma, and who also had similar levels
of photodamage, defined as at least one actinic
keratosis per square centimeter, on their face,
scalp, or limbs. Prior to undertaking AFR thera-
py, patients were given a topical or regional
anesthetic. The therapy was administered to a
randomly chosen side of the body.

The therapy made use of the SmartXide DOT
laser, which had the following parameters: 25
W of power, 1200 ms of time, 500 uym of spac-
ing, and 200 um of spot size. A surface area
ablation of 12% was the end outcome. A sec-
ond pass was carried out after saline debride-
ment if hyperkeratotic regions were detected.
After that, a 20% ALA solution was applied to
both sides and left to incubate for an hour.
Then, for the next sixteen minutes and forty
seconds, they were subjected to blue light. At
the 6-month follow-up, it was observed that the
pretreatment sides had a more significant
reduction in AK (actinic keratosis), and the
majority of individuals did not have any recur-
rence of AK. On the other hand, 13 instances
were identified where AK continued on the side
that had previously had conventional photody-
namic treatment. Persistent non-melanoma
skin cancer was seen in both treatment groups,
leading to contradictory conclusions regarding
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NMSC outcomes. The lack of cutaneous squa-
mous cell carcinoma on the sides treated with
conventional photodynamic treatment at the
beginning of the trial may have impacted this
discrepancy. Within an average of seven days
following therapy, the facial and head lesions
were entirely healed. The healing process for
the forearm and hand lesions was around 14
days, whereas the lower extremities lesions
required up to 21 days to fully disappear with
no more bleeding or scabbing. The research
found that patients still felt moderate to seve-
re pain throughout the procedure, even after
receiving topical or regional anesthetic [66].

To further improve absorption, researchers
have also looked at thermo-mechanical frac-
tional injury as a physical pretreatment prior to
photosensitizer application. TMFI uses heat to
evaporate water from tissues, creating micro-
pores and causing fractional damage. A dermal
and epidermal dry zone is formed during this
process, which takes place in 5-18 ms. In theo-
ry, this improves photosensitizers’ ability to
penetrate the skin [67]. Two investigations
showed that 5-ALA treatment greatly improved
the absorption and penetration of PplX fluores-
cence into TMFl-pretreated tissue compared to
control locations (P < 0.001) in healthy persons
with Fitzpatrick skin types I-lll. There were few
side effects associated with the TMFI treat-
ment, including mild to moderate skin reac-
tions and low levels of discomfort. No studies
have investigated the therapeutic treatment of
AKs or NMSCs using TMFI pretreatment in com-
bination with ALA-PDT [65].

Because it cannot get deep into the skin, pho-
todynamic therapy is not a very successful
treatment for actinic keratosis. Cryotherapy
isn't the way to go for field cancerization,
although microneedling and fractional CO,
laser may improve photosensitizer penetration.
The goal is to determine how well PDT works
with microneedling, fractional CO2 laser, and
cryotherapy to treat AK. Group A patients with
actinic keratosis received microneedling in con-
junction with photodynamic therapy; group B
patients received fractional CO, laser in con-
junction with photodynamic therapy; group C
patients received cryotherapy in conjunction
with photodynamic therapy; and group D
patients received photodynamic therapy in iso-
lation (Figure 7). After 12 weeks, the outcomes

5024

were assessed using clinical, dermoscopy, and
reflectance confocal microscopy techniques. In
all, 129 patients participated in this study, dis-
tributed as follows: 31, 30, 35, and 31 in each
of the three groups. In each group, the percent-
age of clinical response was 90.3%, 93.3%,
97.1%, and 74.2%, respectively. A statistical
study revealed a notable difference between
the groups, as shown by a p-value of 0.026. In
the case of RCM, the response rates were as
follows: 71.0%, 80.0%, 85.7%, and 54.8%.
These rates were found to be statistically sig-
nificant, with a p-value of just 0.030. A total of
77.4%, 83.3%, 88.6%, and 60.0% of the sub-
jects responded to the dermoscopy in that
order. Results from clinical, dermoscopy, and
RCM analyses showed that Group C was the
most successful, with a p-value of just 0.039,
indicating statistical significance [87].

For tumor penetration and photothermal can-
cer therapy, Zhengjie Zhou et al. created LST-
loaded photothermal nanoparticles (Figure
8A). The photothermal agent used was a poly-
dopamine nanoparticle because of its biocom-
patibility, photothermal conversion efficiency,
and drug loading. Treatments were tested in
vivo for anticancer activity. Different groups of
4T1 tumor-bearing mice received intravenous
injections of PBS, PLST, LST, and PP. Two groups
of PP and PLST-injected mice received NIR irra-
diation (Figure 8B). Tumor temperatures were
collected 48 and 72 hours after the initial injec-
tion. When irradiated for 48 h after injection,
the PLST + NIR group elevated tumor tempera-
tures quicker than the PP + NIR group (Figure
8C). As shown in Figure 5B, the plateau tem-
perature for the PLST + NIR group was 44.1°C,
whereas for the PP group, it was 42.0°C. Figure
8D shows that after NIR irradiation, the tumor
temperature was higher in the PLST + NIR
group compared to the PP + NIR group. The
PLST + NIR group achieved a plateau tempera-
ture of 43.9°C after 72 hours after injection,
but the PP + NIR group only managed 41.1°C.
According to these results, LST accelerated the
formation of tumor nanoparticles. During treat-
ment, the diameters of the tumors were moni-
tored. The PLST and LST groups exhibited
tumor growth rates comparable to those of the
PBS group, indicating that LST had no effect.
The PP + NIR group had slower tumor growth
than PBS. Full tumor regression was seen in
the PLST + NIR group (Figure 8E). The size and
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Figure 7. Analyzing the effects of four different treatments on four different groups of patients with facial actinic

keratosis [87].

weight of PLST + NIR isolated tumors were the
lowest (Figure 8F-H). Tumors were examined for
apoptosis. The pictures demonstrate that the
PLST + NIR group had many apoptotic cells,
whereas other groups had few (Figure 8l). The
immunohistochemical investigation of tu-
mor tissues shows that LST and PLST dramati-
cally reduced collagen and HA synthesis and
blood vessel compression. All these findings
show that LST on PLST increased tumor nano-
particle distribution and photothermal therapy
efficiency. These therapeutic medicines dem-
onstrated little in vivo toxicity since mice did
not lose weight in any groups [88].

Thermal PDT

By 2040, it is projected that there will be
100,000 new cases of melanoma, a very
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aggressive kind of skin cancer that is strongly
influenced by both genetic and environmental
factors. This highlights the urgent requirement
for treatment alternatives that are both effi-
cient and safe. Researcher aimed to evaluate
the effectiveness of a photosensitizer named
Chlorophyll A (Chl-A) when combined with
hydrogels (HGs) composed of chitosan (CS)
and poloxamer 407 (P407) for the purpose of
Photodynamic Therapy against the B16-F10
murine melanoma cell line. The HG was ass-
essed using a range of tests, such as rheologi-
cal examinations, low-power transmission elec-
tron microscopy, using analysis of time-varying
infrared spectra and a cell viability assays. The
hydrogels based on CS and P407 demonstrat-
ed efficient release of Chl-A and exhibited the
essential characteristics required for topical
application. The in vitro photodynamic activity
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of the HG containing Chl-A was assessed, re-
vealing significant therapeutic potential. The
IC50 value of 25.99 uM obtained is particularly
noteworthy, especially when compared to pre-
vious studies where cisplatin, a positive control
medication, exhibited an IC50 value of 173.8
uM. The formulated combination of CS and
P407, used as a thermosensitive system for
topical applications, effectively regulated the
release of Chl-A. Cellular studies conducted in
a laboratory setting, known as in vitro studies,
have shown promising results in the use of pho-
todynamic therapy (PDT) against melanoma
cells [89].

After applying photosensitizer topically, it may
be helpful to get the skin temperature up to a
comfortable level, particularly in areas of the
body where the temperature is typically lower.
This will increase the medication’s absorption.
The efficacy of blue light photodynamic treat-
ment was examined in a pilot trial with 20
subjects. Researchers tested PDT’s efficacy
after subjects’ distal extremities were incubat-
ed with 20% ALA for an hour at either 38.8 or
29.4 degrees Celsius. At both the 2-month and
6-month follow-ups, the data demonstrated
that the heat-treated side had a much greater
median clearance of AKs (actinic keratoses)
than the control side. From the beginning, the
median percentage difference was 88.0%,
which was lower than 70.5% at 2 months and
67.5% at 6 months. Statistical analysis revealed
that these variations were noteworthy (P <
0.0001) during the two study periods. None-
theless, there were many more undesirable
side effects, such as redness, burning, and
stinging or oozing or crusting, on the heated
side than on the control side [90]. Applying
20% 5-ALA to face actinic keratoses was the
subject of a modest proof-of-concept research.
Before being subjected to blue light, the lesions
were incubated for 20 minutes at a tempera-
ture ranging from 38 to 42°C, with an average
of 41°C. Five out of ten patients reached full
clearance after two months of follow-up, and
the research indicated that 91.5% of the lesions
were eliminated on average. The intensity of
porphyrin improved significantly after heat
treatment (P < 0.001). Eight out of ten patients
reported no pain at all throughout the incuba-
tion period, while two had moderate discomfort
(graded at 3 out of 10) at most. Pain ratings
during light therapy ranged from 3 to 9, with an
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average score of 5. Day 1 and week 1 discom-
fort were not mentioned by any of the patients
[91].

Combination therapy

Evaluating the Reliability and Precision Par-
ticipants whose hands had several actinic
keratoses of Grades I-Ill were studied. A split-
face design that was randomized and con-
trolled was used in the investigation. Before
the skin was treated with DL-PDT for two hours,
it was pretreated with 5-FU twice a day for a
week. The results showed that compared to
using only DL-PDT, the average lesion respon-
se at the 3-month follow-up was much better
when this combined therapy was used. It is
pointless to try to set up uniform quality stan-
dards for quantitative and qualitative methods.
Researchers found that patients with multiple
Grade I-Ill AKs on the scalp and face had a bet-
ter chance of achieving complete clinical remis-
sion when they received calcipotriol before
applying 16% MAL cream and underwent 2
hours of DL-PDT, as compared to when they
received DL-PDT alone [92]. Unlike qualitative
research, which is highly dependent on the
unique circumstances of each study, quantita-
tive research may be used to a broader variety
of contexts and is thus more generalizable.
Because qualitative research is inherently sub-
jective and prone to ambiguity, standards are
required to guarantee its validity and reliability
[93].

ICG and ICGD have been widely employed
for near-infrared imaging as well as for photo-
thermal and photodynamic therapy [94, 95].
The coordinates are (40, 41). This work exam-
ined the combined effect of chemotherapy and
phototherapy utilizing hICP NPs that contain
ICGD, as shown in Figure 9A. In order to deter-
mine the photothermal conversion efficiency,
Zhaoqing Cong et al. quantified the tempera-
ture increase that occurred when ICGD and
hICP NPs were exposed to laser light in differ-
ent solutions. All groups with the same quantity
of ICGD show a rapid increase in temperature
within 30 seconds (Figure 9B). Under the influ-
ence of continuous laser irradiation for a dura-
tion of 240 seconds, the temperatures in vari-
ous hICP NP solutions gradually rose to a ran-
ge of 62.2-80.6°C. The highest temperature
observed was 49.4°C for free ICGD, however it
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Figure 9. A. Diagram showing the three different ways in which hICP NPs might cause cell death. B. Temperature
profiles of ICGD and hICP NPs solutions in water shown against laser irradiation time at an ICGD concentration of 25
pg mLt. C. The temperature fluctuations of ICGD and hICP NPs were measured during a 240-second laser exposure
at an ICGD concentration of 25 ug mL®. D. Singlet oxygen generation (as detected by the SOSG signal) profiles of
ICGD, ICP NPs, and hICP NPs cultured with B16 cells for 4 hours under laser irradiation for 120 seconds at an ICGD
concentration of 25 micrograms per milliliter. E. The release of SN38 from aqueous solutions of ICP NPs and hICP
NPs during in vitro experiments, with or without laser irradiation for 120 seconds, if used. F. The cell viability of B16
cells was assessed after treatment with 50 ng mL* of SN38 and exposure to laser irradiation for 120 s, if applied.
The laser power density used was 1 watt per square meter [96].

was much lower for hICP NPs in a pH 7.4 envi-
ronment. We investigated the temperature of
hICP NPs at different depths of tissue in order
to evaluate them in vivo applicability. This was
done by subjecting mice muscle samples
enclosed in tubes of varying thicknesses to
laser irradiation at a wavelength of 808 nm,
simulating a surrogate tissue barrier. According
to Figure 9C, when a 2 mm muscle slice was
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exposed to a 1 W cm-2 lasers for 240 seconds,
the temperature of the free ICGD group reach-
ed 40.6°C, while the temperature of the ICP NP
group reached 60.5°C. Figure 9D shows that a
cellular examination provided additional confir-
mation of the improved photodynamic effec-
tiveness of ICP or hICP NPs. The SOSG signal
was more than doubled in the presence of ICP
or hICP NPs compared to free ICGD. Figure 9E
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shows that after laser irradiation, the drug
release was much faster. Reduced thermody-
namic stability as a result of the laser’s increa-
sed temperature is likely responsible for the
increased release seen during laser irradiation.
In order to examine the photocytotoxicity of
hICP NPs in a laboratory setting, a specific
region of B16 cells that were grown in a single
layer was treated with hICP NPs and then
exposed to light. The cells were then analyzed
to compare the effects of laser treatment on
cells with and without hICP NP treatment. The
application of laser treatment seemed to en-
hance the combined effect on the ability to
destroy B16 cells (Figure 9F) [96].

Photosensitizers in PDT

Applying light stimulates the photosystem. The
activation of the PS by light energy leads to its
engagement with neighboring oxygen mole-
cules. The Type Il and Type | processes, respec-
tively, are responsible for producing free radi-
cals and singlet oxygen as a result of this inter-
action. Because it is the most common result
of PDT, this article primarily focuses on the Type
Il process, which produces singlet oxygen. Our
primary focus is on the photochemical and pho-
tophysical mechanisms that lead to the genera-
tion of singlet oxygen in photodynamic therapy
[97], although other processes may also be
at work. There is a process similar to fluores-
cence that triggers the creation of 1PSe by a
photosensitizer.

The excited state in conventional fluorescence
is subjected to a little amount of non-radiative
de-excitation in its surrounding surroundings
before it releases a lower-energy photon with
a reddened spectrum. However, there is anoth-
er method for de-exciting photosensitizers, and
it involves the excited molecule going through
an intersystem crossover and entering a triplet
state. It is possible for the PS to transmit ener-
gy to neighboring oxygen molecules during this
phase of photosynthesis. The transfer is cru-
cial to the efficacy of photodynamic therapy
because it generates singlet oxygen. It also
resets the PS to its ground state, which is its
most fundamental configuration. Highly reac-
tive singlet oxygen interacts with neighboring
cells to generate cytotoxic effects; it is an inte-
gral part of PDT’s cell-killing capabilities. Since
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one PS molecule may produce several singlet
oxygen molecules, the detrimental consequen-
ces are magnified. In addition to the 0.974 eV
direct energy transfer, there is an extra amount
of energy required for the irreversible synthesis
of singlet oxygen by the 3PSe. The majority of
PSs readily meet the minimal energy require-
ment of 1.13 eV for the operation [98, 99].

While singlet oxygen generation and PDT prin-
ciples have received much of the attention, it's
crucial that the PDT mechanism might be
impacted by other processes including energy
shifts [100]. A better understanding of the intri-
cate mechanisms underlying the field of PDT
may be gained from the thorough study offered
in these sources. For Photodynamic Therapy to
work its magic, the photosensitizer must rele-
ase just the right amount of ROS to destroy can-
cer cells while sparing healthy ones.

Level of oxygen in the air since the photosensi-
tizer may only work if molecular oxygen is pres-
ent, this oxygen may be in short supply in can-
cer tissues. Photodynamic treatment works
best with photosensitizers that can generate
reactive oxygen species even in oxygen-poor
conditions.

Because it has a direct impact on the concen-
tration of molecular oxygen in the targeted tis-
sue, the photodynamic cell killing process is
highly dependent on the fluence rate of light
illumination (W/cm,). Photodynamic therapy
may reduce or stop working altogether if oxygen
depletion happens at high fluence rates, which
is used to eliminate tumors [101].

Mechanism of biological events: Not only does
PS activation result in ROS production, but it
also sets in motion a cascade of other biologi-
cal processes that make PDT more effective.
One such occurrence is the secretion of chemo-
kines and cytokines, which signal immune cells
to the location of the treated lesion. Perhaps
the immune reaction will aid in removing any
residual cancer cells from the lesion and pre-
venting their recurrence [102]. Furthermore,
PDT may cause cancer cells to undergo apopto-
sis, a kind of programmed cell death. As part of
this process, signaling pathways are initiated,
which in turn induce DNA to divide and cellular
components to break down, ultimately leading
to the death of the cancer cell. The following
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Figure 10. The PDT action mechanism. In order to destroy cells, first-, second-, and third-generation PSs absorb light
from various sources, convert energy between their excited and ground states, and then produce superoxide anion

or hydrogen peroxide [118].

resources will provide you with further informa-
tion on cell death pathways [103-105]. Another
important component of PDT’s action mecha-
nism is the “bystander effect” [106]. Regarding
PDT’s ability to damage both directly exposed
cells and nearby cells that have not been treat-
ed to the photosensitizer, this is relevant.
Reactive oxygen species migrate out of treated
cells and into the surrounding tissue, where
they cause damage to cells nearby. As a result
of the bystander effect, PDT may be more effec-
tive overall by targeting a larger region of the
tumor and reducing the likelihood of disease
recurrence. The efficacy of photodynamic treat-
ment is affected by several variables. Among
these factors are the photosensitizer type, the
dosage of light and PS, the interval between
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the two, and the wavelength and intensity of
the light [107]. Choosing the right photosensi-
tizer is critical for photodynamic therapy to
work. There are a number of factors that need
to be considered, such as the toxicity profile,
pharmacokinetics, and absorption spectrum.
Thoroughly adjusting the light and PS dose is
essential for achieving the desired level of ther-
apeutic efficacy while minimizing any possible
side effects. Various generation of PS for can-
cer treatment are shown in Figure 10.

Approved PSs for skin cancer diseases: A small
number of photosensitizers have been autho-
rized for the treatment of skin cancer and other
medical issues, despite the fact that there are
several potential PSs for photodynamic thera-
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py. This is mostly due to the lengthy and ardu-
ous procedure that new medications and thera-
pies must undergo before they can be made
available to the general population. There are a
lot of moving parts in the process of making
photosensitizers that are effective for photody-
namic therapy. These characteristics include
being triggered by light falling within a certain
wavelength range, being able to efficiently cre-
ate reactive oxygen species, and having the
capacity to target cancer cells in particular.
These aren’t the only qualities that any possi-
ble PS will have; in fact, some may have addi-
tional restrictions that make them useless in
real-world applications.

The design and features of popular PSs allow
us to classify them into three separate genera-
tions. Using a combination of porphyrins gener-
ated from a raw hematoporphyrin preparation
known as Hematoporphyrin Derivative, the first
PSs for photodynamic treatment were created
in the 1970s. Many different types of cancer
were treated with HpD and its derivatives with
encouraging outcomes in clinical practice for
many decades. However, later PSs like Photofrin
had limitations that prevented them from being
widely used [108]. These phototoxic chemicals
are known to bring about skin damage and pho-
tosensitivity reactions due to their capacity to
create long-term photosensitization. The broad
light absorption spectrum of first-generation
photosensitizers is not the primary mechanism
by which they produce reactive oxygen species
in healthy tissues. In contrast, PSs of the sec-
ond generation may work either alone or in tan-
dem with other agents. In the optimal thera-
peutic range, they show improved absorption.
Among the PSs that were listed are phthalocya-
nines, chlorins, and bacteriochlorins. Their im-
proved photophysical properties include lower
dark toxicity and higher quantum yields. Photo-
dynamic treatment often makes use of these
photodynamic sensitizers, which have been
through extensive testing [60].

More selective targeting of sick tissue is achi-
eved in third-generation PSs with the use of
specialist methods such encapsulation or bio-
conjugation during construction [109]. All the
various compartments of the tumour, Myeloid-
derived suppressor cells, cancer stem cells,
tumor vascular endothelial cells, and cancer
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cells should ideally express the target protein
[110]. Nanotechnology also offers the possibil-
ity of creating smaller drug delivery vehicles for
example, nanocapsules or nanospheres that
are less than 100 nm in diameter. These drug
carriers have a lot of cool features, such being
able to control the release of pharmaceuticals,
having a high distribution capacity, and carry-
ing hydrophobic drugs in the circulation [111].
By adhering preferentially to certain tumour
cells, third-generation PSs enable targeted
therapy while minimising damage to off-target
effects and normal cells [112]. To better under-
stand PSs and their role in PDT, it is useful to
first sort them into three generations. Speci-
fically, for the purpose of making PDT more tar-
geted and successful in the treatment of can-
cer, further study is needed. The most signifi-
cant problem with PS is the time and effort
required to get approval from the relevant med-
ical regulatory bodies.

Since of its intricate process, photodynamic
therapy is an excellent choice for treating skin
cancer since it is both selective and effective.
This treatment has a lot of potential for treating
many skin cancers since it can precisely target
skin regions, Kill cancer cells nearby, stimulate
the immune system, and be repeated as need-
ed without accumulating toxicity or damage to
good tissue. Numerous factors influence the
efficacy of photodynamic therapy, such as the
photosensitizer used, the amount of light and
PS applied, the interval between the two, and
the light’s wavelength and intensity. Modulating
the light beam appropriately to limit oxygen
depletion is required to avoid the reduced
tumor-killing efficacy induced by extended ex-
posure to high-intensity light [113]. In order to
account for potential drops in oxygen levels dur-
ing the lower intensity phase, when the ampli-
tude-modulated beam is at its strongest, the
beam’s modulation needs to be fine-tuned.

Consistent results in PDT are hard to come by
due to the fact that several factors need to be
carefully controlled. One reason PDT hasn’t
been used more often in therapeutic contexts
is because of its heterogeneity. Nevertheless,
PDT shows potential as a powerful weapon in
the fight against skin cancer, particularly with
the continuous developments in research and
technology.
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In addition to the problems highlighted in this
research, the photobleaching phenomena must
also be considered. The efficacy of treatment
might be significantly affected by photoblea-
ching, which is the irreversible decrease in
photosensitizer activity when exposed to light.
The photosensitizer molecule’s breakdown or
impairment causes the phenomena by lowering
its concentration, which in turn limits the pro-
duction of reactive oxygen species, a key com-
ponent for cell death. Researchers have explo-
red many methods to mitigate the effects of
photobleaching. One approach is fractionated
light administration, which entails exposing the
photosensitizer to light in many sessions sepa-
rated by intervals to allow it to recuperate.
Improving the photosensitizer's dosage and for-
mulation, in addition to using photostabilizers,
has shown the ability to reduce photobleach-
ing. It is possible to learn a lot about how to
improve photodynamic therapy by monitoring
the rate of photobleaching throughout ses-
sions. Research in the future should aim to find
ways to make photodynamic treatment more
effective overall and less photobleaching so
that patients may have the greatest possible
therapeutic results.

When it comes to skin cancer, photodynamic
therapy with ALA and MAL is considered to be
the gold standard. Cancer cells produce more
of the photosensitizing chemical protoporphy-
rin IX via metabolic processes. This molecule
activates itself when exposed to light. Ameluz®,
Photofrin®, Levulan®, and Metvix® are the most
significant brands [114].

5-Aminolevulinic acid is the active ingredient in
both Ameluz® and Levulan®, however they are
marketed under different names due to their
respective compositions. The most important
difference is whether the 5-ALA is administered
in a gel or a vehicle. The use of the 5-ALA gel
Ameluz for the treatment of actinic keratosis
has been licenced. It is often used in conjunc-
tion with a blue light source to initiate its
effects. Levulan is a 5-ALA solution or cream
that may help with a variety of skin issues,
including as acne and actinic keratosis. Levulan
may be triggered by various light sources,
including powerful pulsed light and blue light,
depending on the intended use. Both formula-
tions have been clinically approved after exten-
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sive testing in several countries. Both formula-
tions include the risk of photosensitivity of the
skin and localised discomfort during therapy.
The cellular localization and elimination of both
medications are similar. In contrast to Ameluz,
which usually requires a longer waiting period
before treatment and is activated by red light,
Levulan has a shorter waiting time and is trig-
gered by blue light. While DUSA Pharmaceuti-
cals, Inc. manufactures Levulan, Biofrontera
AG makes Ameluz [115].

Various cancer types and precancerous lesions
on skin may be treated with Metvix®, a photo-
sensitizing medication used in photodynamic
treatment. Metaryl aminolevulinate is the main
ingredient in Metvix®. It is a prodrug that, when
exposed to light, converts to protoporphyrin IX.
Then, when exposed to a certain frequency of
light, PpIX accumulates in the targeted cells
and tissues, killing them. At the last step of
heme synthesis, ferrochelatase incorporates
Fe?* into PPIX, which is the principal factor de-
termining selectivity. Reduced ferrochelatase
activity often leads to decreased iron levels in
cancer cells. The observed selectivity is caused
by a decrease in activity and iron levels. Metvix®
has a wavelength (A) of about 635 nm, which
is in the red light spectrum [115]. Depending on
the patient’s features and the specific medical
issue being treated, the post-dose therapeutic
delay could be anywhere from one to three
hours long.

The bulk of Metvix® is eliminated from the body
within 24 hours due to its fast metabolism and
clearance. Metavix® is now clinically approved
for the treatment of superficial basal cell carci-
noma and actinic keratosis. The therapy of sev-
eral cancers, including bladder and lung can-
cers, has also made use of it off-label. Metvix®
is most often associated with the following side
effects: skin irritation, swelling, and redness at
the injection site; moderate to severe nocicep-
tion; and nausea, vomiting, and other gastroin-
testinal side effects during and after photody-
namic treatment. Rarely, more serious side
effects such blistering, scarring, and skin infec-
tions may occur. Skin carcinogenic or precan-
cerous lesions are examples of the kinds of
cells and tissues that Metvix® is most concen-
trated in. Light activates the photosensitizing
chemical, which then releases reactive oxygen
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species that destroy cells and harm tissues in
the targeted areas. Light exposure is the pri-
mary mechanism of action for Metvix®, which
kills cells and eliminates the targeted tissues
by producing reactive oxygen species. Metvix®
is manufactured by Galderma, a global pharma-
ceutical company that focuses on skin care and
dermatology.

A variety of dermatological problems, including
acne, some types of skin cancer, and actinic
keratosis have been treated with these photo-
dynamic therapies. Actinic keratosis is often
treated with Metvix® and Ameluz®, whereas
basal cell carcinoma and squamous cell carci-
noma have been treated with Photofrin® and
Levulan® [116].

Nanotechnology in PDT for NMSC treatment

Nanodrug delivery techniques such NPs, LPs,
micelles, and microvehicles were developed in
response to 5-ALA/MALSs limited skin penetra-
tion and weak luminous efficacy. When com-
pared to free 5-ALA, liposomes improve skin
penetration and reduce medicine absorption in
the circulation, according to the research. This
results in less cellular damage and less light
sensitivity after treatment [117]. Researchers
looked into feline ¢cSCC to see if a liposomal
form of PS had any negative effects. Treatment,
which included injecting 0.15 mg m-THPC/kg
into the cephalic or femoral vein, was well-
received by all cats. After one year, 75% of pa-
tients were able to successfully manage their
disease. Liposomal PS was shown to be safe
and effective, according to the findings [118].
After injecting cats with liposomal phosphory-
lated mTHPC and subjecting them to a 652-nm
diode laser, researchers studied the long-term
effects and variables that predict feline cSCC. A
total of 84% of patients responded, with 61%
experiencing full remission and 22% experi-
encing partial remission. On average, patients
went 35 months without any signs of illness
progressing. An investigation of the photosen-
sitizing effects of LPs loaded with curcumin
was carried out in vitro [119]. Researchers
found that curcumin-mediated photodynamic
therapy was more effective in photosensitizing
skin malignancies when administered in a lipo-
somal formulation, while causing less harm to
healthy keratinocytes [119]. Finally, they looked
at the effects of PDT response on subcutane-
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ous SCC-15 xenografts in mice, which the Pc4
nanoformulation had. The researchers found
that the higher the tumor’s uptake of Pc4, the
better the PDT performed in both laboratory
testing and live individuals, which was in line
with the findings of the cell study.

Photodynamic therapy (PDT) is mostly used to
treat skin problems. Conventional PDT is not as
successful for melanoma, a kind of skin cancer
that contains melanin pigment, since melanin
absorbs a wide range of ultraviolet and visible
light. This diminishes the efficacy of conven-
tional photosensitizers (PSs) in photodynamic
therapy (PDT). Researchers have presented
pyrene-based two-photon (TP) photosensitizers
that can be easily synthesized. Researcher veri-
fied that asymmetric pyrene (Py3) is capable of
producing reactive oxygen species in conjunc-
tion with m-extended pyrene derivatives. Re-
searcher put forward a mechanism that eluci-
dates the greater efficiency of Py3 in generat-
ing reactive oxygen species (ROS) compared to
its symmetric derivatives. Pyl and Py2 had
emission peaks at 450 and 600 nm and ab-
sorption peaks at 400 and 474 nm, respective-
ly (Figure 11A, 11B). Between Pyl and Py2,
Py3 had absorption and emission peaks at
450 and 590 nm. Specifically, spectral maxima
moved to longer wavelengths in the sequence
Pyl < Py3 < Py2. Pyridinium has a greater elec-
tron-withdrawing ability than benzothiazole,
and Py2 has superior intramolecular charge
transfer (ICT) capabilities than Py1, while Py3
has an intermediate tendency. Py3 had the low-
est fluorescence efficiency and the highest TPA
and OP spectrum characteristics of Pyl and
Py2. After irradiating the aqueous solution with
white light and ABDA, ROS were detected. Com-
pared to Chlorin €6, Pyl had no influence on
ABDA’s absorption spectra (Figure 11C-F). The
ABDA spectrum altered significantly for Py2
and more quickly for Py3. In trials with DHR
123, Pyl and Py2 showed opposing inclina-
tions. Pyl increased DHR 123’s fluorescence
spectrum by more than five-fold over Chlorin
€6, whereas Py2 performed similarly. Py3 cau-
sed a 60-fold spectral increase in DHR 123
compared to Chlorin €6 [120].

Both the sample size and the tumour depth
determine how effective PDT is. For example,
photodynamic treatment has the potential to
successfully treat cutaneous squamous cell
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Figure 11. A. Py1, Py2, and Py3 UV-Vis absorption spectra were obtained in DMF at a concentration of 1 uM. B.
Py1, Py2, and Py3 fluorescence emission spectra were acquired with an excitation wavelength that matched each
of their Amax values. C. Py1, Py2, and Py3’s TPA spectra were found in DMF. D. Evaluation of ROS production by
the probes Ce6, Py1, Py2, and Py3 by monitoring the fluorescence intensity at 525 nm after 30 s (5.5 mW incident
power) of white light irradiation for 5 uM of each probe and 5 uM of dihydrorhodamine 123 (DHR 123). E. A com-
parison study to assess the production of 0, by Ce6, Py1, Py2, and Py3 (at 5 uM concentrations) in PBS buffer upon
exposure to white light (5.5 mW incident power). As a comparison, 9,10-anthracenediyl-bis(methylene)dimalonic
acid (ABDA) was compared to this. F. DHR 123 (for 0.5 min) and ABDA (for 5 min) spectrum alterations after white

light irradiation in the presence and absence of Ce6, Py1, Py2, and Py3 [120].

carcinoma that is limited to the papillary dermis
[121]. A formulation of a cream containing
5-ALA-loaded polylactic-co-glycolic acid nano-
particles [122]. Together, helium-neon laser
irradiation and the application of these nano-
particles to tumour surfaces produced the
desired effect. Compared to free 5-ALA at the
same dosage, the 5-ALA-PLGA nanoparticles
mediated photodynamic treatment for ¢SCC
more effectively, according to the research.
Using in vivo and in vitro investigations, the
dark toxicity and efficacy of topical photody-
namic treatment in squamous cell carcinoma
were investigated using NP, which is composed
of ZnPcs loaded on chitosan/methoxy polyeth-
ylene glycol-polylactic acid. Using Z-CPP for PDT
was much more effective than using free ZnPcs
and the compounds did not exhibit any dark
toxicity, according to the results [123].

One well-established therapeutic option for
low-risk basal cell carcinoma is photodynamic
therapy, which mainly targets superficial and
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primary nodular BCC. For the purpose of deter-
mining whether BF-200 5-ALA, a nanoemulsion
gel containing 5-ALA, or MAL, a cream contain-
ing MAL, is non-inferior in the treatment of
superficial basal cell carcinoma or nodular
basal cell carcinoma using photodynamic ther-
apy, a phase lll trial was carried out. While
91.8% of those in the MAL group responded,
93.4% of people in the BF-200 ALA group did.
The results demonstrated that BF-200 ALA-PDT
was as effective as MAL-PDT, with a non-inferi-
ority margin of 1983. For non-aggressive basal
cell carcinoma, researchers confirmed in a pro-
spective, double-blind study that BF-200 5-ALA
and low-concentration hexyl aminolevulinate
were as efficacious and well-tolerated as MAL
in photodynamic treatment [124, 125].

Nanotechnology-based PDT for melanoma
Melanoma may be classified into two catego-

ries: pigmented and unpigmented. Both variet-
ies are very aggressive and dangerous forms of
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skin cancer. The European Interdisciplinary Gui-
deline on Melanoma included recommenda-
tions for the identification and management of
cutaneous melanoma. Although adjuvant ther-
apy with PDT was not indicated, surgical exci-
sion was underlined as the major treatment for
melanoma [126]. However, several published
sources have shown that superficial and local-
ized cutaneous MM, PDT is a successful thera-
py option.

In reaction to the oxidative stress brought on by
photodynamic therapy, tumour cells may initi-
ate the formation of an antioxidant defence
system and partly activate their own defensive
mechanisms. Among the several advantages of
nano-sized photosensitizers (Nano-PSs) are
their high reactive oxygen species generation,
ease of customisation, and outstanding stabil-
ity. On top of that, they could be able to over-
come photodynamic treatment resistance.
Nanoparticles may directly kill cancer cells in
MM by inducing DNA damage, cell membrane
damage, and oxidative stress, as Tang et al.
found. Additionally, they proved that NPs may
attach to chemotherapeutic medicines via ele-
ctrostatic force or hydrophobic/hydrophilic in-
teractions, making them suitable carriers for
these substances. This improves nanodrug tar-
geting and biocompatibility [127]. When used
as a tumour treatment, small interfering RNA
may successfully decrease gene expression.
Having said that, siRNAs degrade quickly in
the circulation due to their intrinsic instability.
Nanoparticles based on PEGylated chitosan
were created for the transport of siRNAs [128].
In luciferase-expressing B16 melanoma cells,
they showed that these NPs efficiently inhibited
gene expression, were relatively non-toxic, and
retained their stability.

Clinical trials conducted in living organisms
cannot be predicted by monolayer cell culture
models developed in a laboratory. Melanoma
cells work in a three-dimensional setting, really
forming interactions with nearby cells. By simu-
lating physiological gradients like a hypoxic
environment, 3D culture models - specifically
melanoma spheroids - are able to capture
tumour heterogeneity. While photodynamic
treatment has the potential to mimic tumour
architecture, very little is known about its appli-
cation on melanoma spheroids. Because mela-
nin’s principal function inhibiting the effective
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penetration of light to the desired targets, pho-
todynamic therapy is less successful in treat-
ing pigmented melanoma than non-melanoma
skin cancer. According to study, photodynamic
treatment for MM has made use of many pho-
tosensitizers [129]. Researchers found that
5-ALA PDT successfully reduced MM-A375 and
A431 cell survival. Both the concentration and
the length of administration were shown to
have a role in this inhibition. Reducing Bcl-2 lev-
els while increasing Bax and cleaved-PARP lev-
els was the mechanism that the researchers
found to be responsible for this outcome [130].

The passive or active delivery of photosensitiz-
ers to certain cancer cells was improved by
conjugating nanoparticles with antibodies or
targeting molecules. The degree to which nano-
carriers are absorbed determines whether they
are considered passive or active. Some of the
passive drug delivery methods used materials
such as silica, metal oxide, dendrimers, mice-
lles, and liposomes [131].

Melanoma pigmentation reduces the efficacy
of photodynamic treatment, thus researchers
utilised phenylthiourea, a chemical that sup-
presses melanin formation, to compensate.
Melanoma cells devoid of pigmentation were
obtained in this way. The cells were then treat-
ed with liposomes that contained sodium fer-
rous chlorophyllin. The chemicals mostly accu-
mulated in mitochondria and nuclei, as seen
by transmission electron microscopy, which
increased cellular internalisation and improved
the efficacy of Fe-CHL-mediated photodynamic
treatment. Topical photodynamic therapy was
shown to be more successful in B16-F10 mela-
noma cells when LPs coated with chitosan
enhanced drug stability and penetration, drug
absorption into cells, and overall efficacy [132].
Polish researchers used mPEG-b-PLGA micelles
to create a co-delivery system that mixes
IR-768 with daunorubicin. The A375 cell line’s
singlet oxygen generation during photodynamic
treatment was enhanced by this dual drug-
loaded delivery method. By adding palladium
porphyrin to layered metal oxide nanoparticles,
researchers improved the biocompatibility and
durability of the nanocomposites while increas-
ing the solubility of hydrophobic PS-PdTCPP
[133, 134]. The ability of LDH to modify surfac-
es with different functional groups was made
possible by its enhanced loading capabilities.
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Using PATCPP-LDH with photodynamic treat-
ment in B16F10 cells significantly reduced can-
cer development.

To combat cancer, nanoparticles may be engi-
neered with targeting molecules that bind to
receptors found on cancer cells in excess. This
enhances the effectiveness of photosensitizers
or medications by increasing their absorption.
Photodynamic treatment has made use of ac-
tive targeting using monoclonal antibodies,
aptamers, DNA/RNA, and other molecules that
target certain cells or tissues. This method
makes use of nanocarriers, such as quantum
dots, self-illuminating nanocrystals, and mate-
rials based on metal oxides or capable of
upconverting their energy [135].

Melanin pigment is most absorbent at around
335 nm and almost completely absorbs light at
wavelengths over 700 nm. In photodynamic
treatment, photosensitizers and gold nanopar-
ticles subjected to near-infrared light may pro-
duce synergistic effects due to their photother-
mal capabilities and tunable optical properties.
In a controlled laboratory environment, the re-
searchers tested the efficacy of PDT and PTT
in conjunction with zinc phthalocyanine com-
plexes linked to gold nanorods. They subjected
B16F10 melanotic cells and B16G4F amela-
notic cells to 635 nm light for the studies.
Research showed that photothermal impact
and photodynamic activity might kill more than
90% of melanoma cells [136]. A therapeutic
nanosystem that reacts to near-infrared light
[137]. The device uses indocyanine green-load-
ed gold nanoparticles to combine photothermal
treatment with photodynamic therapy. In com-
parison to findings obtained for AuBPs alone,
the 'O, generation was doubled and the PTT
effect was much improved when the nanosys-
tem was simulated using NIR. In their 1999
study, Urszula and coworkers created a mixture
of xanthene-based RB molecules and upcon-
verting NaYF4 nanoparticles doped with lantha-
nide ions (2% Er®* and 20% Yb®"). After that,
PLGA and two non-ionic surfactants, Cremophor
A25 and Span 80, were added to these nano-
particles. With remarkable selectivity, biocom-
patibility, and photodynamic therapy effects,
the findings showed that the hybrid fluoro-
phores were successfully delivered to human
melanoma cells (Me-45 and MeWo) by the
dual-core nanoplatform.
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As a new nanocarrier with exceptional solubili-
ty, stability, and high quantum yield, N-doped
carbon quantum dot (CQD) nanoparticles were
synthesised to overcome the Indocyanine Gr-
een (ICG) impediment in photodynamic treat-
ment (PDT) while maintaining simultaneous cell
imaging properties. Research on cell culture
and in vivo evaluations using C57BL/6 mice
harbouring melanoma cancer cells were con-
ducted. According to the results, the size of the
CQD increased marginally from 24.55 nm to
42.67 nm after ICG injection. The reactive oxy-
gen species (ROS) detection test showed that
CQD enhanced the capability to generate ROS
and the photo-stability of ICG under laser irra-
diation. According to a cell culture research,
ICG@CQD might reduce the survival rate of
B16F10 cell line melanoma cancer cells from
48% for pure ICG medication to 28% for ICG@
CQD. Confocal microscopy pictures confirmed
the nanocarrier’s enhanced capacity for quali-
fied cell imaging and increased cellular uptake
of ICG@CQD. In vivo tests using C57BL/6 mice
harbouring melanoma cancer cells demonstra-
ted the clear suppression of tumour develop-
ment for ICG@CQD relative to free ICG. Fluore-
scence pictures captured in vivo verified that in
the tumour area, ICG@CQD significantly accu-
mulates more than free ICG. To sum up, ICG@
CQD is suggested as a novel nanocarrier with
enormous promise for PDT and diagnostics
[43].

Future directions

Photodynamic therapy (PDT) holds significant
potential for the future of skin cancer treat-
ment, and several novel pathways can be ex-
plored to enhance its efficacy and application.
One critical area is the enhancement of photo-
sensitizer design and delivery systems, particu-
larly through nanotechnology. Developing multi-
functional nanoparticles can improve the sta-
bility, bioavailability, and targeting of photosen-
sitizers to tumor cells, minimizing damage to
healthy tissues. Additionally, combining PDT
with other therapies, such as immunotherapy
and traditional treatments, can provide a com-
prehensive approach to managing skin cancer.
Advanced light delivery techniques, including
interstitial PDT and dynamic light exposure,
offer opportunities to treat deeper lesions and
optimize reactive oxygen species (ROS) produc-
tion. The development of novel photosensitiz-
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ers with higher specificity and improved tissue
penetration, alongside photosensitizer biocon-
jugation, can further enhance PDT’s therapeu-
tic outcomes. Mechanistic studies and the
identification of biomarkers for PDT response
are crucial for personalizing treatment plans
and guiding patient selection. Furthermore,
large-scale clinical trials and translational re-
search are essential to validate new PDT proto-
cols and ensure their applicability in diverse
patient populations. Finally, a patient-centered
approach focusing on minimizing side effects
and enhancing patient education can improve
treatment adherence and quality of life for
those undergoing PDT.

1. Future developments in PDT for skin cancer
may include the use of nanoparticles as carri-
ers for photosensitizers, enhancing their deliv-
ery and effectiveness. This approach could
improve the selectivity and penetration of pho-
tosensitizers into cancerous tissues, reducing
side effects and improving outcomes [18]. 2.
Research into coherent and non-coherent light
sources, such as pulsed dye lasers and intense
pulsed light, could make PDT more effective
and less painful. These light sources can be tai-
lored to specific wavelengths that optimize
photosensitizer activation and tissue penetra-
tion. 3. Combining PDT with other treatments
like immunotherapy, chemotherapy, or cryothe-
rapy could enhance the therapeutic outcomes
for skin cancer patients. Such combination
therapies can target multiple pathways involv-
ed in cancer progression, potentially leading
to better eradication of tumors and reduced
recurrence rates. 4. Advances in genetic and
molecular profiling of tumors can enable more
personalized approaches to PDT. By tailoring
treatment plans based on individual patient’s
genetic makeup and tumor characteristics, the
effectiveness of PDT can be maximized. 5. De-
velopment of photosensitizers that can specifi-
cally target cancer cells while sparing healthy
tissues will enhance the specificity and reduce
the side effects of PDT. 6. Research into new
analgesic methods, both invasive and non-
invasive, can help reduce the pain associated
with PDT. Methods like nerve blocks, topical
analgesics, and improved procedural protocols
can make PDT more tolerable for patients. 7.
Continuous improvement in the optimization of
PDT parameters, such as light dose, photosen-
sitizer concentration, and incubation time, will
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contribute to better patient outcomes and
fewer side effects. 8. Prophylactic use of PDT
could be explored for high-risk populations,
potentially preventing the development of skin
cancers in patients with a history of significant
UV exposure or genetic predispositions.

Conclusion

This review highlights the significant advance-
ments and current treatment approaches for
skin cancer, focusing particularly on the poten-
tial of photodynamic therapy (PDT). Conventio-
nal treatments such as surgery, radiation, and
chemotherapy, while effective, often come with
limitations including non-specificity and adver-
se side effects. PDT emerges as a promising
alternative, leveraging photosensitizers and li-
ght exposure to generate localized reactive oxy-
gen species (ROS) that selectively target can-
cer cells.

The review underscores the efficacy of PDT in
treating non-melanoma skin cancers like basal
cell carcinoma (BCC) and squamous cell carci-
noma (SCC), while acknowledging its limitations
in treating melanoma due to the latter’s resis-
tance and aggressive nature. Innovations in
nanotechnology are poised to enhance PDT by
improving the delivery and penetration of pho-
tosensitizers, thereby increasing treatment
specificity and reducing collateral damage to
healthy tissues. Furthermore, the integration of
PDT with other therapies, such as immunother-
apy and chemotherapy, holds promise for more
comprehensive treatment regimens. Improved
pain management techniques and the optimi-
zation of PDT parameters are essential to en-
hance patient comfort and treatment adher-
ence. Looking ahead, the personalization of
PDT based on genetic and molecular profiling of
tumors could significantly improve treatment
outcomes. The expansion of PDT applications
to other dermatological conditions and its po-
tential use in preventative treatments for high-
risk populations are exciting future prospects.
In conclusion, PDT represents a versatile and
effective modality in the treatment of skin can-
cer, offering targeted, less invasive options with
fewer side effects compared to conventional
therapies. Continuous research and technolog-
ical advancements are vital to fully realize the
potential of PDT and integrate it as a main-
stream treatment for various dermatological
conditions.
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