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ABSTRACT— The treatment of patients with malignant melanoma remains complex and unsatisfactory. 

Conventional treatment strategies have been almost ineffective. Dacarbazine (DTIC) is identified as one of the 

most effective chemotherapy drugs against melanoma with a response rate of around 15–20%. Numerous 

patients with melanoma whom their primarily response to surgery subsequently relapse. Obviously, there is an 

essential need for better identification, where the improvement of potential treatments is warranted. One such 

treatment is photodynamic therapy (PDT), in which an agent (photosensitizer, PS) produces reactive oxygen 

species (ROS) for post-irradiation of cancer cells (containing PS). This study reviews the currently discovered 

potential of PDT and their combinations in treating metastatic melanoma with discussion of the impact of 

different PDT strategies on cancer treatment . Based on different studies, we realize that PDT with different 

strategies has shown to have powerful anti-cancer effects on reducing cell viability, metastasis ability, and the 

induction of apoptosis in different types of melanomas (in vitro and/or in vivo studies). More Important, 

promising outcomes have been reported in the reduction of recurrence rate after PDT-treatment. Also, PDT is 

a manageable therapeutic approach that may offer an additional powerful option for adjuvant therapy of 

patients with melanoma. Combinations of PDT with doxorubicin, temozolomide, and DTIC have revealed 

better response rates, suggesting that PDT is as effective as the other combination treatments. PDT, both as a 

single treatment strategy and in combination with conventional treatment strategies, can be a promising 

treatment option for patients with metastatic melanoma. In this paper we summarize the importance of PDT 

and its multifaceted activation response in melanoma. More importantly, potential PDT strategies as an 

adjuvant therapy are reviewed to provide a break through to the limitation of current anti-melanoma therapies. 
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I. INTRODUCTION 

Melanoma is one of the most highly metastatic 

and resistant types of cancers. This type of 

cancer occurs as melanocyte malignancy in 

uveal [1], mucosal [2], and cutaneous [3]. The 

most common form of melanoma is the 

cutaneous type [4]. Various risk factors support 

melanoma incidence and progress, such as 

genetic backgrounds, fair skin, hair color, 

lighter eyes, sunburn susceptibility, arsenic, 

and exposure to ultraviolet (UV) radiation [5, 

6]. According to World Health Organization 

(WHO), there were 287,723 new melanoma 

cases and 60,712 melanoma related-deaths in 

2018. Also, the rate of mortality and incidence 

was lower in females than in males. 

Unfortunately, wordwide [7, 8] melanoma is 

responsible for most skin cancer-related deaths. 

Notwithstanding that considering the immense 

melanoma treatment-research, the survival rate 

of patients remains unsatisfactory where 

metastatic melanoma has reduced the overall 

survival of patients to 6–10 months [9].It is 

clear that the  detection of melanoma in early-

stages may be treated by surgerical procedures. 

However, there are no reliable treatment 

options for melanoma with metastatic capacity 
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or metastatic melanoma. Moreover, relapse 

rates of cured melanoma with surgery (alone) 

remain high [10]. So, the essential challenge is 

in the treatment of patients with metastatic 

melanomas. The systematic treatment for 

metastatic melanoma started with 

chemotherapy. The first chemo-drug, 

dacarbazine (DTIC), was approved in the USA 

in 1976 to treat metastatic melanoma. Even 

today, all randomized trials use DTIC as a 

reference chemo-drug (a comparator). 

Meanwhile, the response-rate of controlling 

melanoma with this chemo-drug was less than 

7.5% [11].  

The other chemo-drug, temozolomide (TMZ) is 

an (orally administered) alkylating drug, which 

can traverse the blood-brain barrier and has the 

powerful potential in controlling the process of 

metastasis in melanoma, especially cerebral 

metastases [12]. Also, this chemo-drug shows 

the same effect as compared to DTIC when 

used in metastatic melanoma[12].  

On the other hand, taxanes as a single chemo-

drug or in combination with DTIC offered as a 

useful chemotherapy option for metastatic 

melanoma [13]. Nevertheless, it should be 

mentioned that DTIC is the only approved 

chemo-drug by the United States Food and 

Drug Administration (FDA) for melanoma up 

to this point [14]. Also, chemo-drugs usually 

induce long-term and serious side-effects in 

patients, especially with high doses, where the 

prolonged administration of chemo-drug leads 

to the increased rates of chemo-resistance form 

in melanomas [15, 16]. 

In addition to chemotherapy, radiation therapy 

as a primary and adjuvant treatment option is 

typically used in melanoma patients [17]. 

Though melanoma is an approximately radio-

resistant cancer, radiation therapy plays an 

effective role in controlling melanoma [18]. 

Literature of adjuvant-radiation therapy for 

melanoma with  (highest risk) has revealed 

improvements in decreasing the risk of local 

recurrence but has failed to demonstrate a 

meaningful increase in overall survival rate [19-

22]. 

As a whole , a conventional chemotherapy and 

radiation therapy have not  been  a successful 

one .Treatment options for advanced melanoma 

have been developed to include targeted 

therapy or immunotherapy (alone or in 

combination with other treatments) [23]. 

During the recent decade, there has been a 

positive evolution in immunotherapy as an 

adjuvant-therapy or treatment option for 

metastatic melanoma. A primary strategy of 

immunotherapy, interleukin-2, has revealed a 

powerful potential in controlling cutaneous 

melanoma [24]. Hence, the FDA validation was 

approved in 1998 due to its excellent response 

rates.  However, this treatment approach has 

induced extensive toxicities in patients with 

melanoma, although studies [25] show some 

good outcomes.   

T cell has an axial role in the immune-mediated 

tumor suppression. The immune checkpoints 

(such as CTLA-4 and PD-1) is a principal 

mechanism that can terminate the T cell-

specific response. So, the development of 

immune checkpoint inhibitors has improved the 

immunotherapy of advanced melanoma [26]. 

Immune checkpoint blockers were the primary 

strategy of treatment revealed to improve 

overall survival in patients with metastatic 

melanoma. Nowadays, the antibodies ,anti-PD-

1 (nivolumab and pembrolizumab), the anti-

CTLA-4 (ipilimumab), are all used as  the 

standards of care in clinical practice [27] for 

treatment.  

Despite the approval of anti-PD-L1 and anti-

CTLA-4 treatments, these agents alone 

improve  only a fraction of patients. Also,  the 

evidence show that some patients whom  have 

been receiving the  immune checkpoint 

blockers ,have shown to experience  serious 

side effects. Side effects are induced principally 

due to immune checkpoints blockage, that 

supports normal physiological barriers to 

autoimmunity, resulting in various local or 

systemic autoimmune responses [14]. 

Notwithstanding  that  with these treatments, 

there is still no set procedure and  requirements 

that is recognized for effective  cancer 

treatment. Present article investigates the 
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effectiveness of photodynamic therapy (PDT) 

as a powerful treatment approach in 

combination with other therapeutic approaches 

or alone for melanoma.  

II. PHOTODYNAMIC THERAPY (PDT)- 

A POWERFUL TREATMENT APPROACH 

FOR VARIOUS HUMAN CANCERS 

 

PDT is a negligibly invasive therapeutic 

approach that is based on the interaction of a 

harmless light-sensitive agent, recognized as 

photo-sensitive agent (photosensitizer, PS), 

with the visible light-irradiation at a wavelength 

specific to stimulate the PS in order to induce 

cellular photo-damage. The primary registered 

utilization of visible-light for medical purposes 

goes back to the ancient Egypt three thousand 

years ago,where the use of  the use of sun-light 

for treatment of the vitiligo (skin-disease) after 

the administration of plant extracts (containing 

psoralens as light-sensitive agents) can be seen 

in the so-called Ebers Papyrus [28].  In this 

way, the joint  administration of a plant extract 

(containing light-sensitive agents) to the skin of   

a patient along with exposure to sun-light, was 

used for treatments. However, the foremost 

research-based report of the usage of light-

sensitive agents was published over a hundred 

years ago, when it was proven that irradiation 

of light after administration of acridine orange 

could destroy protozoan cells [29]. In the 

1970s, Thomas Dougherty and et al. examined 

anti-cancer effects of PDT. It was then that they 

were able to reveal partial or total suppression 

of the growth of the numerous malignant 

tumors, say recurrent colon, metastatic breast, 

basal cell cancers, and metastatic melanomas 

[30].  

The limitations of current melanoma treatments 

may be reduced by an exact understanding of 

effective therapeutic approaches such as PDT,  

where a clinical study for treatment of the  

cancer is necessary. Hence, we have reviewed 

the advantages of PDT as a promising 

therapeutic approach for metastatic melanoma. 

A. Mechanisms of PDT – anti cancer effects 

As mentioned above, PDT has been described 

as a hopeful clinical option for treating different 

malignant tumors. It depends on the 

administration of PS, which is excited by using 

visible light of a certain wavelength after a 

specified incubation time [31]. The long 

incubation time of PSs provides optimally 

localized of the PS in different intracellular 

organelles. Conversely, the short incubation 

time of PSs mainly targets tumor vasculature 

[32]. 

The appropriate wavelength considered for 

PDT usually matches with the absorption peak 

of the applied PS, theoretically occurring 

among 650 and 850 nm (phototherapeutic 

window). Phototherapeutic window 

corresponds to maximum tissue penetration of 

visible-light (minimum overlapping with 

endogenous PSs) as well as enough energy to 

produce excited states of PS. In the presence of 

molecular oxygen, the photo-excited PS results 

in generation of the reactive oxygen species 

(ROS), that are extremely cytotoxic agents to 

cancer cells where the PS administers (Fig. 1) 

[33]. 

The main ROS produced during PDT is singlet 

oxygen (1O2), generated by energy transfer 

from the triplet state of used PS (type II 

reactions). Other ROS, such as the hydroxyl 

radical (OH•) and superoxide ion (O2 
•–), 

generated by electron transfer reactions (type I 

reactions), can also be produced. These agents 

have  the same very short half-life, reacting 

with substrates only limited to a micron of their 

production site [34].  

Anti-cancer outcomes of PDT are based on the 

combination of three mechanisms: 1) direct 

cytotoxic effects on the tumor cells, 2) the 

demolition of the tumor blood vessels and, 3) 

the trigger of anti-tumor immunity. These three 

mechanisms provide the long-term cancer 

management and count as the main benefit over 

common treatments, including chemotherapy 

and/or surgery, which are usually 

immunosuppressive or immunologically silent 

[31, 35]. 
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Major PSs (clinically and pre-clinical) accepted 

for PDT are phthalocyanines, bacteriochlorins, 

chlorins, and porphyrins. The 5-aminolevulinic 

acid (ALA), porfimer sodium, verteporfin, 

temoporfin, and talaporfin are commonly used 

in clinical application but display incomplete 

absorptions in the PDT phototherapeutic 

window and decreased capacity of PDT in the 

elimination of deep tumors. Moreover, long-

term (weeks or even months) skin photo-

sensitivity is mostly reported with several of 

these PSs, especially porphyrins. This is due to 

their slow body clearance processes resulting in 

the requisite of times without sun-light for 

patients, thus reducing their quality of life [36, 

37]. 

So, the clinically-accepted PSs are not fully 

perfect for an ideal PDT. This has initiated the 

improvement of PSs with better photochemical 

and spectral properties. In fact, several of the 

limitations of accepted PSs were relatively 

overcome in the past several years. For 

example, padeliporfin is a negatively charged 

palladium bacteriochlorophyll PS, prepared 

from freebase extraction using benthic bacteria. 

It shows high absorption at the phototherapeutic 

window (~763 nm) and body clearance rate for 

about a few minutes. The rapid clearance rate 

of PS reduces the photo-sensitivity of skin after 

PDT but needs clinical procedures with 

infusion simultaneous and irradiation 

administration [38, 39]. Another PS, 

redaporfin, is an amphiphilic and synthetic 

bacteriochlorin with a higher ROS quantum 

yield, and absorption peak at ~749 nm, which 

provides the PDT-treatment of deep tumors 

[40]. 

A case report recently demonstrated a patient 

with malignant head and neck squamous cell 

cancer, which was uninhibited after 

chemotherapy, radiotherapy, and surgery but 

observed significant benefit from PDT with 

redaporfin. In a preclinical study, using three 

periods of redaporfin-PDT, have shown  a 

considerable tumor eradication. Also, two years 

after the use of  redaporfin and consecutive 

administration of nivolumab (an immune 

checkpoint inhibitor), no signs of  the cancer 

tumor was evident [41]. 

In addition to PSs, the light source is one of the 

other main factors of PDT, and its selection has 

a significant impact on the efficiency of PDT. 

In fact, the right selection of light source as the 

heart of this treatment depends mainly on PS 

absorption peak and location of the tumor (type 

of cancer). While conventional LEDs and 

lamps are still used in PDT, they have been  

replaced with lasers  because of the unique 

properties such as high intensity, excellent 

coherency, monochromatic beam, and good 

penetration range [35]. Among all kinds of 

lasers, diode lasers have been under much the 

attention because of their lightweight, small 

size, low cost, easy installation, simple 

operation, and facile mobility. Therefore, diode 

lasers have been developed as the most 

common light sources used in PDT [42, 43]. 

The third main factor in the PDT is the capacity 

of ROS generation during treatment and 

consequently the degree of oxidation induction. 

As mentioned, ROS is able to damage 

biomolecules and eventually induce cancer cell 

death (apoptosis and/or necrosis) by triggering 

a shut-down of intra-tumoral vasculature and an 

anti-tumor immune response. In this way,  by 

stimulation of  PS with an appropriate 

wavelength for the light source (especially 

around phototherapeutic window) along with 

the application of molecular oxygen in the 

target site,  one can produce ROS (e.g., 1O2, 

OH•, and O2 
•–). These agents' increasing 

presence triggers a cascade of biochemical and 

molecular events, causing target cell death [44, 

45]. 

So, PDT performance depends on three factors, 

including PS, light source, and molecular 

oxygen rate, for sufficient ROS generation (Fig. 

2). PDT optimization is complex since all 

factors are correlated. Nevertheless, sufficient 

generation of ROS remains the utmost 

important factor since after that PDT success on 

it. However, other factors (e.g., PS and light 

source) need to be considered in treatment 

strategy if the improvement is to be made 

toward effective PDT. The main superiority of 

PDT over traditional anti-cancer therapies is (1) 

PDT has negligible systemic toxicity and 

patient tolerating repeated dosing, (2) PDT 
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capacity to demolish cancer cells selectively 

(owing to this selectivity capacity, side effects 

of PDT to normal cells is negligible).  Lastly, 

(3) PDT can be utilized separately or in 

combination with other anti-cancer treatments 

(as an adjuvant anti-cancer therapeutic 

approach) such as surgery, chemotherapy, 

immunotherapy, and radiotherapy[46, 47]. 

These advantages have result to PDT receiving 

increased attention from cancer researchers, 

especially dermatology research.  

III.  PDT AND ITS MULTIFACETED 

ACTIVITY IN MELANOMA- AS A 

POWERFUL AND ADJUVANT 

THERAPEUTIC APPROACH 

 

A. PDT as an effective inhibitor of 

melanoma cell proliferation 

It is well recognized that one of the main 

features of cancer cells such as melanoma cells 

is their capacity to defeat control points of the 

cell cycle and cell proliferation. In melanocytes, 

cell proliferation is affected by the interaction 

of various growth factors such as epidermal 

growth (EGF), hepatocyte growth (HGF), stem 

cell (SCF), and fibroblast growth factor (FGF), 

that leads  to a maintained extracellular receptor 

kinase (ERK) activity [48]. In other words, the 

RAS/Raf/MEK/ERK signaling pathway is one 

of the important regulating signaling pathways 

in cell proliferation, with ERK being up-

regulated in human malignant melanomas (> 

90%) [49]. 

Also, PTEN and BRAF mutations are co-

occurrence in approximately 20% of human 

melanomas  [50]. The BRAF mutations leads to 

amplification of ERK signaling pathway 

causing uncontrolled proliferation and viability 

for melanoma cells [51]. 

Mohammad Amin Doustvandi et al. [52] 

defined ZnPc-PDT as an effective treatment in 

which the viability of SK-MEL-3 melanoma 

cells are decreased at different doses of ZnPc-

PDT. This result show  similarity to those of 

Zhaohai Pan et al. [53], who used TBPoS-2OH 

as PS to perform novel PDT treatment. The 

study showed that TBPoS-2OH-PDT could 

prevent the proliferation capacity of two 

different melanoma cells (A375 and B16 cell 

lines) by increasing the intracellular ROS 

levels. In another study [54], authors used 

curcumin as a natural PS to perform PDT on the 

A375 and C32 melanoma cells; they found 

considerably inhibiting cell proliferation after 

curcumin-PDT than after curcumin treatment 

(alone). Although curcumin treatment 

(separately) somewhat inhibits cell 

proliferation of two melanoma cells, but 

harmless curcumin concentrations are photo-

cytotoxic in curcumin-PDT.  

In an overview, many studies confirmed the 

effective roles of different PDT protocols in 

inhibiting cell proliferation for melanomas. 

Metastatic melanoma shows higher resistance 

to traditional treatment, which may be due to 

the rapid proliferation of these cells, 

contributing to acquiring the aggressive 

behavior. So, this cytotoxic impact of PDT on 

melanoma cells proliferation has to be 

considered for the successful treatment strategy 

of this cancer.  

B. PDT as an effective inhibitor of cell 

migration of metastatic melanoma cells 

Almost all melanoma types have radial growth 

with negligible metastasis capacity in early 

phases, followed by vertical growth with high 

metastasis capacity (especially dermal 

metastasis). For all variants of melanoma at the 

early-stage, the risk of recurrence and death of 

patients is closely related to Breslow depth 

(depth of invasion) at the time of detection of 

melanoma and starting the curing process. 

Compared with non-melanomas skin cancers 

such as cutaneous squamous cell carcinomas 

and basal cell carcinomas, melanomas show a 

great metastasis capacity (e.g., local, zonal, and 

distant invasion). The metastasis process stages 

in melanomas have been well described and 

characterize as a series of steps, including local 

invasion, intravasation, survival in the 

circulation, arrest at different organ site, 

extravasation, micro-metastasis formation, and 

metastatic colonization of target organs. Also, 

tumor blood vessels in melanoma contribute to 

inflammation and neo-angiogenesis, leading to 
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the acquisition of cell migration, metastasis, 

and invasion. It has also been established that 

tumor treat performance relies strongly on 

vessel destruction around and in the treated 

tumor [55]. 

With these descriptions, PDT can impact tumor 

vessels by photo-damage of the endothelium. In 

other words, this treatment can extensively 

impact the tumor vasculature through induction 

of endothelial cell death, vascular leakage, and 

coagulation, resulting in the blockage of the 

tumor blood vessels [56]. Many studies in 

previous years exploring the mechanisms of 

PDT efficiency have shown that the vascular 

disruption triggered by PDT is mainly 

responsible for advantages of the treatment, 

depending on the incubation time of PS before 

light source irradiation (short incubation time of 

PSs mainly targets tumor vasculature) [57-59]. 

Altogether, it seems that using different 

incubation times of PS in PDT on the inhibition 

of cell migration ability and invasion is 

perceptible. In this regard, Tammela et al. 

investigated the effects of PDT in eradicating 

melanoma in mice models by using verteporfin 

as PS after irradiation with a light source at 635 

nm. The study demonstrated extensive damage 

of tumor-connected lymphatic vessels, which 

inhibited metastasis and melanoma recurrence 

[60]. 

Recently, Jie Zhou et al. examined the 

efficiency of PDT using Au@MTM-HA as a 

novel PS platform on metastatic melanoma (an 

in vitro and in vivo study). After specified 

incubation times, the melanoma cells and 

tumors were exposed to laser  light  of 532 nm 

(0.8 W/cm2, for 10 min). Au@MTM-HA-PDT 

weakens the cell migration and invasion ability 

of B16-F10 melanoma cells via control cells. 

Most importantly, in vivo findings showed 

effective inhibition of lung metastasis of 

melanoma cells in the animal model [61].  

Also, Sheleg et al. investigated the performance 

of PDT by chlorin e6 as PS on metastases of 

melanoma (especially dermal metastases). 

During the administration (intravenous) of 

chlorin e6 (5 mg/kg) to 14 patients, tumor sites 

were exposed to the light source (80—120 J/ 

cm2). With twice application PDT, all derma 

metastases from melanoma tumors regressed 

with a non-recurrence rate. This therapeutic 

approach did not display any hepatic or renal 

injury [62]. Clinically, PDT has revealed 

promise potential in the treatment of metastatic 

melanomas. Nevertheless, further clinical 

studies are need before PDT approval for the 

common treatment strategy of melanoma. 

 

C. PDT as an effective inducer of apoptosis 

cell death in melanoma cells 

PDT can result in oxidative stress that 

eventually activates different types of cell 

death. Our understanding of different types of 

cell death  continues to develop  with new 

signaling pathways of cell deaths being 

continuously revealed. Autophagy, necrosis 

and apoptosis are the best known types of cell 

death although terms like, lysosome-dependent 

cell death and immunogenic cell death, 

necroptosis, pyroptosis, ferroptosis and etc. 

have also being  discovered[63].  

Apoptosis, is  an important type of cell death 

after anti-cancer treatment, is described as 

biological event including chromatin 

condensation, DNA fragmentation, membrane 

bubbling, cell shrinkage, and triggering of 

different caspase cascades [64]. This type of 

cell death shows an essential role in keeping 

homeostasis and eliminating unwanted cells 

[65]. Not unexpectedly, impaired normal 

regulation of apoptosis triggers the 

pathogenesis of numerous human diseases [66, 

67]. The most notable of this irregularity is 

observed in cancer. Unfortunately, cancer is 

one of the leading causes of death worldwide. 

One of the features of different cancers such as 

melanoma is their ability to escape apoptosis 

cell death[68]. 

Therefore, numerous treatment strategies for 

melanoma purpose to overcome apoptosis 

escape by targeting different apoptosis 

molecular pathways such as caspase-dependent 

and caspase-independent apoptosis pathways. 

While most treatment strategies do so directly 



International Journal of Biophotonics and Biomedical Optics (IJBBO) Vol. 1, No. 1, Summer-Fall, 2021 

 

41 

or indirectly on the induction of apoptosis, 

emerging insights into PDT based on directly 

triggering different apoptosis pathways are 

considered the most promising treatment 

strategy used to cure melanoma. 

In this regard, targeted cell death after PDT may 

result from apoptosis and/or necrosis (necrosis 

as the unwanted cell death), depending on the 

PS type, cancer cell type, light source dosage, 

and oxygen level [49, 69-71]. Several studies 

have demonstrated that PDT with different PSs 

(e.g., zinc phthalocyanine and hypericin) utilize 

the caspase-dependent apoptosis pathway for 

induction of apoptosis (as classic apoptosis 

pathway) [72-74]. However, this treatment 

strategy has also been shown to induce caspase-

independent apoptosis pathways [52, 75]. 

So, suppose some cancer cells, such as 

melanomas, blocked the main apoptosis 

pathways (caspase-dependent) owing to 

different genes mutation involved in these 

pathways. In  this case, the apoptosis cell death 

can still occurre in the cells by the caspase-

independent apoptosis pathway. After PDT, the 

overall mechanisms of induction apoptosis may 

be a combination of different apoptosis 

pathways [76]. 

Jingjing Cai et al. studied photo-toxic effects of 

ALA on human A375 melanoma cell line. In 

this study, the survival rate, apoptosis rate, and 

apoptosis molecular pathways were  considered 

for assessing ALA-photo-toxicity after 

irradiation with a light source at 643 nm (0.58 

J/cm2). The study established that ALA-PDT 

could prevent the survival ability and strongly 

trigger apoptosis cell death of malignant 

melanoma A375 cells. Their findings also 

indicated the induction of apoptosis associated 

with the caspase-dependent pathways (death-

receptor and mitochondrial pathways of 

apoptosis)[77]. 

In another study, Joanna Nackiewicz et al. 

studied the photo-toxicity of zinc 

octacarboxyphthalocyanine toward Me45 

melanoma cells after irradiated with a light 

source 685nm. This in vitro study revealed that 

zinc octacarboxyphthalocyanine-PDT is an 

effective treatment strategy for malignant 

melanoma. In this way, zinc 

octacarboxyphthalocyanine (30 µM) with the 

combination of light source (dosage 2.5 J/cm2), 

was sufficient to damage melanoma cells 

through apoptosis, with negligible cytotoxic 

effects on normal fibroblasts (healthy NHDF) 

[78]. 

Also, Mohammad Amin Doustvandi et al. 

studied the effects of different dosages of light 

sources toward SK-MEL-3 melanoma cells. 

After 24 hour  incubation period  with different 

concentrations of zinc phthalocyanine, the SK-

MEL-3 cells were exposed to a light source of 

675 nm  with the doses of 8, 16, and 24 J/cm2, 

the apoptosis effectively was induced in the  

treated melanoma cells. Zinc phthalocyanine-

PDT with the doses of 16, and 24 J/cm2 caused 

induction of the caspase-dependent apoptosis 

pathway. More importantly, with a low dosage 

of a light source (8 J/cm2), this treatment 

strategy caused induction of the caspase-

independent apoptosis pathway [52] 

observably.  

So, we can realize the powerful potential of 

PDT on the induction of different intracellular 

apoptosis pathways. These results and many 

studies in this area may be a promising start 

point for the effective treatment of melanomas, 

especially resistant melanomas. 

D. PDT as a hopeful adjuvant therapeutic 

approach for melanoma  

There is a high risk of metastasis and recurrence 

in the surgical resection of metastatic 

melanoma tumors. After removing locoregional 

metastases in different patients with melanoma 

by using surgery, recurrence rates for 1-year 

were from 8% to 76%, depending on the tumor 

bulk [79-81]. For decades, several adjuvant 

therapy approaches were available to decrease 

mortality and recurrence in resected metastatic 

melanomas. Recent progress in PDT as an 

effective adjuvant therapy approach has 

improved the standard of care for managing 

patients with the cancer. PDT that  opens up 

novel possibilities and may be commonly used 

as an effective treatment strategy for adjuvant 

therapy in advanced chemotherapy and post-
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resected metastatic melanomas in the future 

[82]. 

In 2017, FA Nsole Biteghe et al. studied the 

synergism outcomes of combination therapy 

between DTIC and Hypericin-PDT on human 

metastatic melanoma cells (UCTMel-1 and 

A375 cell lines). This combination therapy 

design obviously decreased metastatic 

melanoma cell viability percentage. 

Furthermore, this treatment strategy weakens 

the renewal ability of metastatic melanoma 

cells – a feature that melanoma cells used to 

trigger clonogenic growth and tumorigenicity. 

This study indicates that PDT as a powerful 

adjunctive therapy combined with DTIC may 

be useful as a therapeutic modality for cancer 

patients [83]. 

Also, in 2019, an in vitro study [74] indicated 

that ZnPc–PDT increases the sensitivity of 

human melanoma SK-MEL-3 cells to 

doxorubicin about several hundred 

times through a pre-treatment strategy, 

especially at the low dose of light source. Based 

on this study, it appears that the promising 

result of PDT in melanoma management as 

adjuvant therapy will be dealt with overcoming 

melanoma’s protective capacity against 

chemotherapy drugs.   

Furthermore, investigation in animal models 

have already revealed that the combination of 

PDT with temozolomide resulted in a better 

anti-cancer response [84]. So, based on these 

studies and other studies in this field, PDT as a 

hopeful adjuvant therapy option can be 

administered as an adjunctive approach (in 

combination with chemo-drugs or even alone) 

in post-resection treatment regimes. As our 

understanding of the best strategies to combine 

PDT with other therapeutic approaches is 

developing, further clinical PDT improvement 

should be expected. 

E. Melanin as a specific endogenous PS in 

melanoma 

The one feature that sets melanoma separately 

from other malignant cancers is the presence of 

the melanosome organelle and melanin pigment 

(its related product). It is consequently not 

unexpectable to believe that the complexity of 

PDT of this cancer may in several condition be 

associated to this melanosome and its product 

[85]. It realizes logically then that for optimum 

design protocols of PDT should be considered 

the melanosome as one of the potential 

challenges in the PDT against melanoma [86]. 

This organelle is one of the membrane-bound 

organelles in melanocyte cells, which 

accommodate the biological pathway that 

results in melanin production, a polymeric 

pigment [87, 88]. So, the PDT-treatment of 

malignant melanomas immediately proposes 

this endogenous molecule (melanin) interaction 

with the light source that absorbs light (acts as 

an endogenous PS). According to this, the most 

appropriate wavelength of light source for PDT 

of melanoma is 650–850 nm, known as the 

phototherapeutic window (as mentioned 

above). Melanin is an endogenous pigment in 

pigmented melanomas that shows significant 

absorption across the spectrum's visible region, 

but this absorption falls to minimum levels in 

the phototherapeutic window [89]. Table 1 lists 

examples of PSs that can confidently be used 

for in vivo and/or in vitro PDT treatment in 

various melanoma cell lines without 

interference from melanin. 

IV. CONCLUSION AND FUTURE 

PERSPECTIVE 

Over the last years, PDT has been identified as 

a powerful therapeutic approach to show 

extensively anti-tumor effects and has opened 

novel therapeutics options against many types 

of cancers, including malignant melanomas 

(whether alone or even in combination with 

other anti-cancer treatment).  

The concept of “adjuvant therapy” in treating 

malignant melanomas for PDT with existing 

anti-tumor impacts could extend the possible 

PDT applications for clinical applicability. In 

fact, different strategies of PDT can potentiate 

the cytotoxic effects of chemo-drugs through 

combination therapy. So, localized PDT-

treatment combined with the approved 

formulation of PS can effectively manage the 

toxicity caused by the traditional anti-cancer 
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treatments (e.g., chemotherapy) with enhanced 

sensitivity of melanoma cells to lower doses 

therapeutic approaches. 

Interestingly, identification roles of key PDT 

modulators from incubation times of PSs, novel 

PSs and dosage of light sources can 

significantly reduce cell viability and tumor 

angiogenesis capacity in different types of 

malignant melanoma. Furthermore, the 

preferential killing of melanoma cells through 

the induction of apoptosis cell death with 

negligible necrosis and prevention of metastasis 

ability during PDT-treatment may result in 

decreased off-target toxicity, improved patient 

outcomes, lowering the risk of melanoma 

recurrence, and prevention of tumor metastasis.  

Furthermore research to reveal the role of 

different strategies of PDT in the management 

of malignant melanoma can help to develop and 

design powerful treatment options targeting 

melanoma cells in pathway-specific manner, 

tumor-specific, and cell-specific, that will have 

resilient therapeutic strategy in melanoma 

treatment. 

Fig. 1 Mechanism of PDT. Both reactions (Type I 

and type II) are triggered when the PS absorbs a 

photon and is excited to the singlet state (1PS*, 

relatively short-lived).  The 1PS* may undergo 

intersystem crossing (ISC) to form a triplet state 

(3PS*, relatively long-lived). The 3PS* can transfer an 

electron to biomolecules, resulting in ROS 

production (type I reaction). On the other hand, in a 

type II reaction, energy of the 3PS* may be directly 

transferred to molecular oxygen, to form singlet 

oxygen. 

 
Fig. 2  Interaction between three main parameters of 

PDT. 

Table 1 Examples of PSs approved for clinical use or 

under clinic trials [90].  

PSs 
Drug 

Name 

λ max 

(nm) 
Marketed by 

N-aspartyl chlorin e6 

(NPe6) 

Laserphy

rin 
~664 

Meiji Seika 

Pharma Co., 
Ltd. (Japan) 

Meta-

tetra(hydroxyphenyl)chl
orin(m-THPC) 

Foscan ~652 

Biolitec 
Pharma Ltd. 

(Dublin,Irela

nd) 
5,10,15,20-Tetrakis(2,6-

difluoro-3-

Nmethylsulfamoylphen
yl)- 

bacteriochlorin 

Redaporf

in 
~750 

Luzitin SA 

(Portugal) 

2-(1-Hexyloxyethyl)-2-

devinylpyropheophorbi
de (HPPH) 

Photochl

or 
~665 

Roswell 
Park Cancer 

Insitute (NY, 

USA) 

Palladium 
bacteriopheophorbide 

(WST-11) 

Tookad-
Soluble, 

Stakel 

~753 

Steba 

Biotech 

(Luxembour
g) 

Palladium 

bacteriopheophorbide 

(WST-09) 

Tookad ~763 

Steba 

Biotech 
(Luxembour

g) 

Verteporfin Visudyne ~689 
QLT Inc. 

(Canada) 

Disulfonated 

tetraphenyl chlorin 
(TPCS2a) 

Fimaporf

in 
~652 

PCI Biotech 

(Norway) 

silicon phthalocyanine 
PC4 

PC4 ~675 

Not licensed 

and 
produced by 

NCI (USA). 

Aluminum 

phthalocyaninetetrasulf
onate (AlPcS4) 

Photosen

s 
~676 

General 
Physics 

Institute 

(Russia) 

REFERENCES  

[1] Š. Rusňák, L. Hecová, Z. Kasl, M. Sobotová, 

and L. Hauer, "Therapy of uveal melanoma A 



N. Rajabi, et al. Photodynamic therapy for melanoma:a multifaceted anti-cancer … 

 

44 

Review," Cesk Slov Oftalmol, vol.77, pp. 1-13, 

2020. 

[2]  K.W. Nassar and A.C. Tan, "In The mutational 

landscape of mucosal melanoma," Seminars in 

cancer biology, Elsevier, vol. 61, pp 139-148, 

April 2020. 

[3] V.W. Rebecca, R. Somasundaram, and M. 

Herlyn, "Pre-clinical modeling of cutaneous 

melanoma" Nature communications, vol. 11, 

pp. 2858(1-9), 2020. 

[4]  D. Schadendorf and A. Hauschild, 

"Melanoma—the run of success continues," 

Nature reviews Clinical oncology, vol. 11, pp. 

75-76, 2014. 

[5]  J.M. Elwood and J. Jopson, "Melanoma and 

sun exposure: an overview of published 

studies," International journal of cancer, vol. 

73, pp.198-203, 1997. 

[6]  A. Shukla, V. Mishra, and P. Kesharwani, 

"Bilosomes in the context of oral 

immunization: development, challenges and 

opportunities," Elsevier, vol. 21, pp. 888-899, 

2016. 

[7]  F. Bray, J. Ferlay, I. Soerjomataram, R.L. 

Siegel, L.A. Torre Jemal, A. Jemal, "Global 

cancer statistics 2018: GLOBOCAN estimates 

of incidence and mortality worldwide for 36 

cancers in 185 countries," Ca Cancer J Clin, 

vol. 68, pp. 394-424, 2018. 

[8] A Kumar and V Jaitak, "Natural products as 

multidrug resistance modulators in cancer," 

Eur. J. Med. Chem. vol.176, pp. 268-291, 2019. 

[9] F.F. Gellrich, M. Schmitz, S. Beissert, and F. 

Meier, "Anti-PD-1 and novel combinations in 

the treatment of melanoma—An update," J. 

Clin Med. vol. 9, pp. 223(1-17), 2020. 

[10]  L.M. Davids and B. Kleemann, "Combating 

melanoma: the use of photodynamic therapy as 

a novel, adjuvant therapeutic tool," Cancer 

Treat. Rev, vol. 37, pp. 465-475, 2011. 

[11]  A. Y. Bedikian , M. Millward , H. Pehamberger 

, R. Conry , M. Gore , U. TrefzerAnna, C. 

Pavlick , R. DeConti , E. M. Hersh , P. Hersey 

, J. M. Kirkwood, and F. G. Haluska, "Bcl-2 

antisense (oblimersen sodium) plus 

dacarbazine in patients with advanced 

melanoma: the Oblimersen Melanoma Study 

Group," J. Clin. Oncol. vol. 24, pp. 4738-4745, 

2006. 

[12]  M.R. Middleton , J.J. Grob , N. Aaronson , G. 

Fierlbeck , W. Tilgen , S. SeiterM. Gore , S. Aamdal 

, J. Cebon , A. Coates , B. Dreno , M. Henz , D. 

Schadendorf , A. Kapp , J. Weiss , U. Fraass , P. 

Statkevich , M. Muller, and N. Thatcher, 
"Randomized phase III study of temozolomide 

versus dacarbazine in the treatment of patients 

with advanced metastatic malignant 

melanoma," J. Clin. Oncol. vol.18, pp.158-158, 

2000. 

[13]  H. Gogas, D. Bafaloukos, and A.Y. Bedikian, 

"The role of taxanes in the treatment of 

metastatic melanoma," Melanoma research, 

vol.14, pp. 415-420, 2004. 

[14] S. Singh, A. Numan, N. Agrawal, M.M. 

Tambuwala, V. Singh, and P. Kesharwani, 

"Role of immune checkpoint inhibitors in the 

revolutionization of advanced melanoma care," 

Int. Immunopharmacol, vol. 83, pp. 106417, 

2020. 

[15]  S. Li, F. Zhang, Y. Yu, and Q. Zhang "A 

dermatan sulfate-functionalized biomimetic 

nanocarrier for melanoma targeted 

chemotherapy," Carbohydr. Polym, vol. 235, 

pp. 115983, 2020. 

[16]  Z. Ma, L. Xu, D. Liu, X. Zhang, S. Di, W. Li, 

J. Zhang, R. J. Reiter, J. Han, X. Li, and  X. 

Yan, "Utilizing melatonin to alleviate side 

effects of chemotherapy: a potentially good 

partner for treating cancer with ageing," Oxid 

Med Cell Longev. vol.2020, pp. 6841581(1-

20), 2020. 

[17] E. Chajon, J. Castelli, H. Marsiglia, and R.  

Crevoisier,"The synergistic effect of 

radiotherapy and immunotherapy: A promising 

but not simple partnership," Crit. Rev. Oncol. 

vol.111, pp. 124-132, 2017. 

[18] C. Robert, J. J. Grob, D. Stroyakovskiy, B. 

Karaszewska, A. Hauschild, E. Levchenko, V. 

Chiarion Sileni, J. Schachter, C. Garbe, I. 

Bondarenko, H. Gogas, M. Mandalá, J. B.A.G. 

Haanen, C. Lebbé, A. MacKiewicz, P. 

Rutkowski, P. D. Nathan, A. Ribas, M. A. 

Davies, K. T. Flaherty,P. Burgess, M. Tan, E. 

Gasal, M. Voi, D. Schadendorf, and G. V. 

Long, "Five-year outcomes with dabrafenib 

plus trametinib in metastatic melanoma," N. 

Engl. J. Med,  vol. 381, pp. 626-636, 2019. 

[19] M.T. Ballo and K.K. Ang, "Radiation therapy 

for malignant melanom," vol.  83, pp. 323-342, 

2003. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7019511/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7019511/
https://ascopubs.org/author/Middleton%2C+MR
https://ascopubs.org/author/Grob%2C+JJ
https://ascopubs.org/author/Aaronson%2C+N
https://ascopubs.org/author/Fierlbeck%2C+G
https://ascopubs.org/author/Fierlbeck%2C+G
https://ascopubs.org/author/Tilgen%2C+W
https://ascopubs.org/author/Seiter%2C+S
https://ascopubs.org/author/Seiter%2C+S
https://ascopubs.org/author/Aamdal%2C+S
https://ascopubs.org/author/Cebon%2C+J
https://ascopubs.org/author/Coates%2C+A
https://ascopubs.org/author/Dreno%2C+B
https://ascopubs.org/author/Henz%2C+M
https://ascopubs.org/author/Schadendorf%2C+D
https://ascopubs.org/author/Schadendorf%2C+D
https://ascopubs.org/author/Kapp%2C+A
https://ascopubs.org/author/Weiss%2C+J
https://ascopubs.org/author/Fraass%2C+U
https://ascopubs.org/author/Statkevich%2C+P
https://ascopubs.org/author/Statkevich%2C+P
https://ascopubs.org/author/Muller%2C+M
https://ascopubs.org/author/Thatcher%2C+N
https://www.sciencedirect.com/science/article/pii/S156757692030271X#!
https://www.sciencedirect.com/science/article/pii/S156757692030271X#!


International Journal of Biophotonics and Biomedical Optics (IJBBO) Vol. 1, No. 1, Summer-Fall, 2021 

 

45 

[20] Sh. Agrawal, J. M. Kane, B. A. Guadagnolo, 

W. G. Kraybill, and M. T. Ballo, "The benefits 

of adjuvant radiation therapy after therapeutic 

lymphadenectomy for clinically advanced, 

high‐risk, lymph node‐metastatic melanoma," 

vol. 115, pp. 5836-5844, 2009. 

[21] P. Strojan, B. Jančar, M. Čemažar, M.P. Perme, 

and M. Hočevar, "Melanoma metastases to the 

neck nodes: role of adjuvant irradiation," vol. 

77, pp. 1039-1045, 2010. 

[22] B. H. Burmeister, M. A. Henderson, J. Ainslie, 

R. Fisher, J. Di Iulio, B. M. Smithers, A. Hong, 

K. Shannon, R. A. Scolyer, S. Carruthers, B. J. 

Coventry, S. Babington, J. Duprat, H. J. 

Hoekstra, and J. F. Thompson,"Adjuvant 

radiotherapy versus observation alone for 

patients at risk of lymph-node field relapse after 

therapeutic lymphadenectomy for melanoma: a 

randomised trial," vol. 13, pp. 589-597, 2012. 

[23]  

[24] R. Fuentes, D. Osorio, J. E. Hernandez, D. 

Simancas-Racines, M. J. Martinez-Zapata, and 

X. B. Cosp, "Surgery versus stereotactic 

radiotherapy for people with single or solitary 

brain metastasis," vol. 20, pp. 12086 (1-44), 

2018. 

[25] S. A. Rosenberg, M. T. Lotze, J. C. Yang, S. L. 

Topalian, A. E. Chang, D. J. Schwartzentruber, 

P. Aebersold, S. Leitman, W. Marston Linehan, 

C. A. Seipp, D. E. White, and S. M. Steinberg, 

"Prospective randomized trial of high-dose 

interleukin-2 alone or in conjunction with 

lymphokine-activated killer cells for the 

treatment of patients with advanced cancer," 

vol. 85, pp. 622-632, 1993. 

[26] S. S. Agarwala, J. Glaspy, S. J. O'Day, M. 

Mitchell, J. Gutheil, E. Whitman, R. Gonzalez, 

E. Hersh, L. Feun, R. Belt, F. Meyskens, K. 

Hellstrand, D. Wood, J. M. Kirkwood, K. R. 

Gehlsen, and P. Naredi, "Results from a 

randomized phase III study comparing 

combined treatment with histamine 

dihydrochloride plus interleukin-2 versus 

interleukin-2 alone in patients with metastatic 

melanoma," vol. 20, pp. 125-133, 2002. 

[27] B.T. Fife and J.A. Bluestone, "Control of 

peripheral T‐cell tolerance and autoimmunity 

via the CTLA‐4 and PD‐1 pathways," vol. 224, 

pp.166-182, 2008. 

[28]  

[29] R. Marconcini, F. Spagnolo, L. Stefania Stucci, 

S. Ribero, E. Marra, F. De Rosa, V. Picasso, 

L.D. Guardo, C. Cimminiello, S. Cavalieri, L. 

Orgiano, E. Tanda, L. Spano, A. Falcone, and 

P. Queirolo, "Current status and perspectives in 

immunotherapy for metastatic melanoma," vol. 

9, pp. 12452-12470, 2018. 

[30] P. Ghalioungui, The Ebers papyrus: A new 

English translation, commentaries and 

glossaries, Academy of Scientific Research & 

Technology: 1987. 

[31] O. Raab and Z. biol. "Uber die wirkung 

fluorescirender stoffe auf infusorien," vol. 39, 

pp. 524-546, 1900. 

[32] T. J. Dougherty, J. E. Kaufman, A. Goldfarb, 

K. R. Weishaupt, D. Boyle, and A. Mittleman 

"Mittleman, A. J. C. r., Photoradiation therapy 

for the treatment of malignant tumors," vol. 38, 

pp. 2628-2635, 1978. 

[33] J.M. Dąbrowski and L.G. Arnaut, 

"Photodynamic therapy (PDT) of cancer: from 

local to systemic treatment," Photochemical & 

Photobiological Sciences, vol.14, pp. 1765-

1780, 2015. 

[34] B. Chen, B.W. Pogue, P.J. Hoopes, and T. 

Hasan,  "Vascular and cellular targeting for 

photodynamic therapy,"  Crit. Rev. Eukaryot. 

Gene Expr. vol. 16, pp. 279-305, 2016. 

[35] M. Klausen, M. Ucuncu, and M. Bradley, 

"Design of Photosensitizing Agents for 

Targeted Antimicrobial Photodynamic 

Therapy," Molecules, vol. 25, pp. 5239 (1-30), 

2020. 

[36] X Zhao, J Liu, J Fan, H Chao, and X Peng, 

"Recent progress in photosensitizers for 

overcoming the challenges of photodynamic 

therapy: from molecular design to application," 

Chem Soc Rev, vol. 50, pp. 4185-4219, 2021. 

[37] P. Agostinis, K. Berg, K. A. Cengel, Th. H. 

Foster, A. W. Girotti, S. O. Gollnick, S. M. 

Hahn, M. R. Hamblin, A. Juzeniene, D. Kessel, 

M. Korbelik, J. Moan, P. Mroz, D. Nowis, J. 

Piette, B. C. Wilson, and J. Gola, 

"Photodynamic therapy of cancer: an update," 

CA: Cancer J. Clin, vol. 61, pp. 250-281, 2011. 

[38] R. R. Allison, G. H. Downie, R. Cuenca, X.-H. 

Hu, C. J.h. Childs, and C. H. Sibata, 

"Photosensitizers in clinical PDT," 

 Photodiagnosis Photodyn. Ther.  vol. 1, pp. 27-

42, 2004. 

https://europepmc.org/search?query=AUTH:%22Tayyaba%20Hasan%22


N. Rajabi, et al. Photodynamic therapy for melanoma:a multifaceted anti-cancer … 

 

46 

[39] M.R. Detty, S.L. Gibson, and S.J. Wagner, 

"Current clinical and preclinical 

photosensitizers for use in photodynamic 

therapy," J. Med. Chem. vol. 47, pp. 3897-

3915, 2004. 

[40]  A. Brandis, O. Mazor, E. Neumark, V. 

Rosenbach-Belkin, Y. Salomon, and A. Scherz, 

"photobiology, Novel Water‐soluble 

Bacteriochlorophyll Derivatives for Vascular‐
targeted Photodynamic Therapy: Synthesis, 

Solubility, Phototoxicity and the Effect of 

Serum Proteins," J. Photochem. Photobiol, vol. 

81, pp. 983-992, 2005. 

[41] O. Mazor, A. Brandis, V. Plaks, E. Neumark, 

V. Rosenbach-Belkin, Y. Salomon, and A. 

Scherz, "A Novel Water‐soluble 

Bacteriochlorophyll Derivative; Cellular 

Uptake, Pharmacokinetics, Biodistribution and 

Vascular‐targeted Photodynamic Activity 

Using Melanoma Tumors as a Model," J. 

Photochem. Photobiol, vol. 81, pp. 342-351, 

2005. 

[42] L. G. Arnaut, M. M. Pereira, J. M. Dąbrowski, 

E. F. F. Silva, F. A. Schaberle, A. R. Abreu, L. 

B. Rocha, M. M. Barsan, K. Urbańska, G. 

Stochel, and Ch. M. A. Brett, "Photodynamic 

therapy efficacy enhanced by dynamics: the 

role of charge transfer and photostability in the 

selection of photosensitizers," Chemistry, vol. 

20, pp. 5346-5357, 2014. 

[43] L. L. Santos, O. Júlio, M. Eurico, S. Juliana, 

and S. Cristina, "Treatment of head and neck 

cancer with photodynamic therapy with 

redaporfin: a clinical case report," Case Rep 

Oncol. vol. 11, pp.769-776, 2018. 

[44] T.S. Mang, "Lasers and light sources for PDT: 

past, present and future," Elsevier, vol. 1, pp. 

43-48, 2004. 

[45] J. Jankun, R. W. Keck, E. Skrzypczak-Jankun, 

L. Lilge, and S. H. Selman, "Diverse optical 

characteristic of the prostate and light delivery 

system: implications for computer modelling of 

prostatic photodynamic therapy," BJU Int.  vol. 

95, pp. 1237-1244, 2005. 

[46] B.W. Henderson and Th. J. Dougherty, 

"photobiology, How does photodynamic 

therapy work?" Photochem. Photobiol, vol.55, 

pp. 145-157, 1992. 

[47] Th. J. Dougherty, Ch. J. Gomer, B. W. 

Henderson, G. Jori, D. Kessel, M. Korbelik, J. 

Moan, and Q. Peng, "Photodynamic therapy," J 

Natl Cancer Inst, vol. 90, pp. 889-905, 1998. 

[48] Á. Juarranz, P. Jaén, F. Sanz-Rodríguez, J. 

Cuevas, and S. González,  "Photodynamic 

therapy of cancer. Basic principles and 

applications," clinical and translational 

oncology, vol. 10, pp.148-154, 2008. 

[49] B. Ortel, C.R. Shea, and P. Calzavara-Pinton, 

"Molecular mechanisms of photodynamic 

therapy," Front Biosci, vol.14, pp. 4157-4172, 

2009. 

[50] C. Wellbrock, C. Weisser, E. Geissinger, J. 

Troppmair, and M. Schartl, "Activation of 

p59Fyn leads to melanocyte dedifferentiation 

by influencing MKP-1-regulated mitogen-

activated protein kinase signaling," J Biol 

Chem. vol. 277, pp. 6443-6454, 2002. 

[51] C. Cohen, A. Zavala-Pompa, J. H. Sequeira, M. 

Shoji, D.G. Sexton, G. Cotsonis, F. Cerimele, 

B. Govindarajan, N. Macaron and J. L. Arbiser, 

"Mitogen-actived protein kinase activation is 

an early event in melanoma progression," Clin 

Cancer Res. vol. 8, pp. 3728-3733, 2002. 

[52] H. Tsao, G. Yang, V. Goel, H. Wu, and F.G. 

Haluska, "Genetic interaction between NRAS 

and BRAF mutations and PTEN/MMAC1 

inactivation in melanoma," J Invest Dermatol. 

vol.122, pp. 337-341, 2004. 

[53] V. C. Gray-Schopfer, S. d. Rocha Dias, and R. 

Marais, "The role of B-RAF in melanoma," 

Cancer Metastasis Rev. vol. 24, pp. 165-183, 

2005. 

[54] M. A. Doustvandi, F. Mohammadnejad, B. 

Mansoori, A. Mohammadi, F. Navaeipour, B. 

Baradaran, and H. Tajalli, "The interaction 

between the light source dose and caspase-

dependent and-independent apoptosis in human 

SK-MEL-3 skin cancer cells following 

photodynamic therapy with zinc 

phthalocyanine: A comparative study," J 

Photochem Photobiol B. vol. 176, pp. 62-68, 

2017. 

[55] Z. Pan, J. Fan, Q. Xie, X. Zhang, W. Zhang, Q. 

Ren, M. Li, Q. Zheng, J. Lu, and D. Li, 

"Pharmacotherapy, Novel sulfonamide 

porphyrin TBPoS-2OH used in photodynamic 

therapy for malignant melanoma," Biomed. 

Pharmacother, vol. 133, pp. 111042 (1-11), 

2021. 

[56] W. Szlasa, S. Supplitt, M. Drąg-Zalesińska, D. 

Przystupski, K. Kotowski, A. Szewczyk, P. 



International Journal of Biophotonics and Biomedical Optics (IJBBO) Vol. 1, No. 1, Summer-Fall, 2021 

 

47 

Kasperkiewicz, J. Saczko, and J. Kulbacka, 

"Pharmacotherapy, Effects of curcumin based 

PDT on the viability and the organization of 

actin in melanotic (A375) and amelanotic 

melanoma (C32)–in vitro studies," Biomed 

Pharmacother. vol. 132, pp. 110883 (1-12), 

2020. 

[57] W. M. Star, H. P. Marijnissen, A. E. van den 

Berg-Blok, J. A. Versteeg, K. A. Franken, and 

H. S. Reinhold, "Destruction of rat mammary 

tumor and normal tissue microcirculation by 

hematoporphyrin derivative photoradiation 

observed in vivo in sandwich observation 

chambers," Cancer Res. vol. 46, pp. 2532-2540, 

1986. 

[58] B. Chen, B. W. Pogue, J. M. Luna, R. L. 

Hardman, P. J. Hoopes, and T. Hasan, "Tumor 

vascular permeabilization by vascular-

targeting photosensitization: effects, 

mechanism, and therapeutic implications," Clin 

Cancer Res. vol. 12, pp. 917-923, 2006. 

[59] B. W. Henderson, S. M. Waldow, T. S. Mang, 

W. R. Potter, P. B. Malone, and T. J. 

Dougherty, "Tumor destruction and kinetics of 

tumor cell death in two experimental mouse 

tumors following photodynamic therapy," 

Cancer Res . vol. 45, pp. 572-576, 1985. 

[60] V. H. Fingar, P. K. Kik, P. S. Haydon, P. B. 

Cerrito, M. Tseng, E. Abang and T. J. Wieman,  

"Analysis of acute vascular damage after 

photodynamic therapy using benzoporphyrin 

derivative (BPD)," Br J Cancer, vol. 79, 

pp.1702-1708, 1999. 

[61] P. Nowak-Sliwinska, J. R. van Beijnum, M. van 

Berkel, H. van den Bergh and A. W. Griffioen,  

"Vascular regrowth following photodynamic 

therapy in the chicken embryo chorioallantoic 

membrane," Angiogenesis, vol. 13, pp. 281-

292, 2010. 

[62] T. Tammela, A. Saaristo, T. Holopainen, S. 

Ylä-Herttuala, L. C. Andersson, S. Virolainen, 

I. Immonen, and K. Alitalo,"Photodynamic 

ablation of lymphatic vessels and 

intralymphatic cancer cells prevents 

metastasis," Sci Transl Med.  vol. 3, pp. 69-80, 

2011. 

[63]  J. Zhou, Sh. Geng, W. Ye, Q. Wang, R. Lou , 

Q. Yin, B. Du, and H. Yao, "ROS-boosted 

photodynamic therapy against metastatic 

melanoma by inhibiting the activity of 

antioxidase and oxygen-producing nano-

dopants," Pharmacol Res. vol. 158, pp. 104885, 

2020. 

[64] S. V. Sheleg, E. A. Zhavrid, T. V. Khodina, 

G.A. Kochubeev, Y. P. Istomin, V. N. Chalov, 

and I. N. Zhuravkin, "photoimmunology; 

photomedicine, Photodynamic therapy with 

chlorin e6 for skin metastases of melanoma," 

Photodermatol. Photoimmunol. Photomed. vol. 

20, pp. 21-26, 2004. 

[65] C. Donohoe, M. O. Senge, L. G. Arnaut, and 

L.C. Gomes-da-Silva, "Cell death in 

photodynamic therapy: From oxidative stress 

to anti-tumor immunity," Biochimica et 

Biophysica Acta (BBA) - Reviews on Cancer, 

vol. 1872, pp. 188308, 2019. 

[66] N.N. Danial and S.J. Korsmeyer, "Cell death: 

critical control points," Cell, vol. 116, pp. 205-

219, 2004. 

[67] A. Boice and L. Bouchier-Hayes, "Targeting 

apoptotic caspases in cancer," Biochim 

Biophys Acta Mol Cell Res, vol. 1867, pp. 

118688, 2020. 

[68] C.B. Thompson, "Apoptosis in the 

pathogenesis and treatment of disease," 

Science, vol.267, pp. 1456-1462, 1995.  

[69] D.R. McIlwain, T. Berger, and T.W. Mak, 

"Caspase functions in cell death and disease," 

Cold Spring Harb Perspect Biol. vol. 5, pp. 

a008656 (1-30), 2013. 

[70] D. Hanahan and R.A. Weinberg,  "The 

hallmarks of cancer," cell, vol. 100, pp. 57-70, 

2000. 

[71] S.W. Ryter and C.J. Gomer, "photobiology, 

Nuclear factor κB binding activity in mouse 

L1210 cells following Photofrin II‐mediated 

photosensitization," Photochem. Photobiol. 

vol. 58, pp. 753-756, 1993. 

[72] D.A. Gewirtz, "Autophagy, senescence and 

tumor dormancy in cancer therapy," 

Autophagy, vol. 5, pp. 1232-1234, 2009. 

[73] X. Ge, J. Liu, Z. Shi, L. Jing, N. Yu, X. Zhang, 

Y. Jiao, Y. Wang, and P. Andy Li, "Inhibition 

of MAPK signaling pathways enhances cell 

death induced by 5-Aminolevulinic acid-

photodynamic therapy in skin squamous 

carcinoma cells," European Journal of 

Dermatology, vol. 26, pp. 164-172, 2016. 

[74] N.L. Oleinick, R.L. Morris, and I. Belichenko, 

"The role of apoptosis in response to 

photodynamic therapy: what, where, why, and 



N. Rajabi, et al. Photodynamic therapy for melanoma:a multifaceted anti-cancer … 

 

48 

how," Photochem. Photobiol. vol.1, pp. 1-21, 

2002. 

[75] P. Agostinis, E. Buytaert, H. Breyssens, and N. 

Hendrickx, "Regulatory pathways in 

photodynamic therapy induced apoptosis," 

Photochem Photobiol Sci, vol. 3, pp. 721-729, 

2004. 

[76]  M. A. Doustvandi, F. Mohammadnejad, B. 

Mansoori, H. Tajalli, A. Mohammadi, A. 

Mokhtarzadeh, E. Baghbani, V. Khaze, Kh. 

Hajiasgharzadeh, M. Maleki Moghaddam, M. 

R Hamblin, and B. Baradaran, "Photodynamic 

therapy using zinc phthalocyanine with low 

dose of diode laser combined with doxorubicin 

is a synergistic combination therapy for human 

SK-MEL-3 melanoma cells," Photodiagnosis 

Photodyn Ther. vol. 28, pp. 88-97, 2019. 

[77] E. Buytaert, G. Callewaert, J. R. Vandenheede, 

and P. Agostinis, "Deficiency in apoptotic 

effectors Bax and Bak reveals an autophagic 

cell death pathway initiated by photodamage to 

the endoplasmic reticulum," Autophagy. vol. 2, 

pp. 238-240, 2006. 

[78] S. Mohamed Ali, S. Kh. Chee, G. Yik Yuen, 

and M. Olivo, "Hypericin induced death 

receptor-mediated apoptosis in photoactivated 

tumor cells," Int J Mol Med.  vol. 9, pp. 601-

616, 2002. 

[79] J. Cai, Q. Zheng, H. Huang, and B. Li, "5-

aminolevulinic acid mediated photodynamic 

therapy inhibits survival activity and promotes 

apoptosis of A375 and A431 cells," 

Photodiagnosis Photodyn Ther. vol. 21, pp. 

257-262, 2018. 

[80] J. Nackiewicz, M. Kliber-Jasik, and M. 

Skonieczna, "Biology, P. B., A novel pro-

apoptotic role of zinc 

octacarboxyphthalocyanine in melanoma me45 

cancer cell's photodynamic therapy (PDT)," J. 

Photochem. Photobiol. vol. 190, pp. 146-153, 

2019. 

[81] J. E. Gershenwald, R.A. Scolyer, K. R. Hess, 

V. K. Sondak, G. V. Long, M. I. Ross, A. J. 

Lazar, M.B. Faries, J.M. Kirkwood, G. A. 

McArthur, L. E. Haydu, A.M. M. Eggermont, 

K.T. Flaherty, C.M. Balch, and J. F. Thompson,  

"Melanoma staging: evidence‐based changes in 

the American Joint Committee on Cancer 

eighth edition cancer staging manual," CA 

Cancer J Clin. vol. 67, pp. 472-492, 2017. 

[82] S.A. Blankenstein and A.C.J. van Akkooi, 

"Adjuvant systemic therapy in high-risk 

melanoma," Melanoma Res. vol. 29, pp. 358-

364, 2019. 

[83] A. M. M. Eggermont, Ch. U. Blank, M. 

Mandala, G. V. Long, V. G. Atkinson, S. Dalle, 

A. Haydon, M. Lichinitser, A. Khattak, M. S. 

Carlino, Sh. Sandhu, J. Larkin, S. Puig, P.A. 

Ascierto, P. Rutkowski, D. Schadendorf, R. 

Koornstra, L. Hernandez-Aya , A. M. Di 

Giacomo, A. J. v. den Eertwegh, J.-J. Grob, R. 

Gutzmer, R. Jamal, P. C. Lorigan, R. 

Lupinacci, C. Krepler, N. Ibrahim, M. Kicinski, 

S. Marreaud, A. C. van Akkooi, S. Suciu, and 

C. Robert, "Prognostic and predictive value of 

AJCC-8 staging in the phase III 

EORTC1325/KEYNOTE-054 trial of 

pembrolizumab vs placebo in resected high-

risk stage III melanoma," Eur J Cancer. vol. 

116, pp.148-157, 2019.  

[84] Y.-Y. Huang, D. Vecchio, P. Avci, R. Yin, M. 

Garcia-Diaz, and M.R. Hamblin, "Melanoma 

resistance to photodynamic therapy: new 

insights," Biol Chem. vol. 394, pp. 239 (1-22), 

2013. 

[85] F.N. Biteghe and L.M. Davids "A combination 

of photodynamic therapy and chemotherapy 

displays a differential cytotoxic effect on 

human metastatic melanoma cells," J 

Photochem Photobiol B. vol. 166, pp.18-27, 

2017. 

[86] J. Tang, H. Zhou, X. Hou, L. Wang, Y. Li, Y. 

Pang, Ch. Chen, G. Jiang, and Y. Liu, 

"Enhanced anti-tumor efficacy of 

temozolomide-loaded carboxylated poly 

(amido-amine) combined with 

photothermal/photodynamic therapy for 

melanoma treatment," Cancer Lett.  vol. 423, 

pp. 16-26, 2018. 

[87] P.J. Farmer, Sh. Gidanian, B. Shahandeh, A. J. 

D. Bilio, N. Tohidian, and F. L. Meyskens Jr 

"Melanin as a target for melanoma 

chemotherapy: pro‐oxidant effect of oxygen 

and metals on melanoma viability," Pigment 

Cell Res. vol. 16, pp. 273-279, 2003.  

[88] K. G. Chen, R. D. Leapman, G. Zhang, B. Lai, 

J. C. Valencia, C. O. Cardarelli, W. D. Vieira, 

V.J. Hearing, and M. M. Gottesman,"Influence 

of melanosome dynamics on melanoma drug 

sensitivity," J Natl Cancer Inst. vol. 101, pp. 

1259-1271, 2009. 



International Journal of Biophotonics and Biomedical Optics (IJBBO) Vol. 1, No. 1, Summer-Fall, 2021 

 

49 

[89] G. Raposo and M.S. Marks,  "The dark side of 

lysosome‐related organelles: specialization of 

the endocytic pathway for melanosome 

biogenesis," Traffic, vol. 3, pp. 237-248, 2002. 

[90] V.J. Hearing, "Biogenesis of pigment granules: 

a sensitive way to regulate melanocyte 

function," J. Dermatol. Sci, vol. 37, pp. 3-14, 

2005. 

[91] Q. Chen, H. Dan, F. Tang, J. Wang, X. Li, J. 

Cheng, H. Zhao, and X. Zeng,"Photodynamic 

therapy guidelines for the management of oral 

leucoplakia," Int J Oral Sci. vol. 11, pp. 1-5, 

2019. 

[92] J.J. Hu, Q. Lei, and X.Z. Zhang, "Recent 

advances in photonanomedicines for enhanced 

cancer photodynamic therapy," Prog. Mater. 

Sci, vol.114, pp. 100685, 2020.

 

  



N. Rajabi, et al. Photodynamic therapy for melanoma:a multifaceted anti-cancer … 

 

50 

 

 

 

 

 

 

THIS PAGE IS INTENTIONALLY LEFT BLANK. 
 

 

 


