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Background: Based on photochemical reactions through the combined use of light and photosensitizers, photodynamic therapy
(PDT) is gaining popularity for the treatment of skin cancer. Various photosensitizers and treatment regimens are continuously being
developed for enhancing the efficacy of PDT on skin cancer. Reviewing the development history of PDT on skin cancer, and
summarizing its development direction and research status, is conducive to the further research.

Methods: To evaluate the research trends and map knowledge structure, all publications covering PDT on skin cancer were retrieved and
extracted from Web of Science database. We applied VOSviewer and CiteSpace softwares to evaluate and visualize the countries, institutes,
authors, keywords and research trends. Literature review was performed for the analysis of the research status of PDT on skin cancer.
Results: A total of 2662 publications were identified. The elements, mechanism, pros and cons, representative molecular photo-
sensitizers, current challenges and research progress of PDT on skin cancer were reviewed and summarized.

Conclusion: This study provides a comprehensive display of the field of PDT on skin cancer, which will help researchers further
explore the mechanism and application of PDT more effectively and intuitively.
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Plain Language Summary

1. Reviewing the development history, and summarizing its development direction and research status to map knowledge
structure, is conducive to the further research of PDT on skin cancer.

2. In total, 2662 publications covering PDT on skin cancer were retrieved and extracted from Web of Science database.
VOSviewer and CiteSpace softwares were employed to evaluate and visualize the countries, institutes, authors, keywords
and research trends. Then, literature review was performed for the analysis of the research status of PDT on skin cancer. The
elements, mechanism, pros and cons, representative molecular photosensitizers, current challenges and research progress of
PDT on skin cancer were reviewed and summarized.

3. PDT is a relatively new treatment option and usually performed as an outpatient procedure with high effective rate and minimal
side effects. PDT is most commonly used to treat precancerous skin conditions such as actinic keratosis, as well as basal cell
and squamous cell carcinomas. Recently, studies have focused on the efficacy comparison between PDT and different treatment
methods or the improvement of efficacy brought by the combined application. Many studies have also focused on the
continuous upgrading of photosensitizers. More research is urgently needed to determine PDT’s effectiveness in treating
various types of skin cancer and its long-term outcomes.
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Background

Photodynamic therapy (PDT) is a treatment method based on photochemical reactions through the combined use of light and
light-induced activation chemicals, namely photosensitizers (PSs).'* With the rapid and excessive formation of reactive oxygen
species (ROS), cell killing, microvascular damage effects and local immune responses were triggered through the lipid
peroxidation and DNA damage, manifested as apoptosis, necrosis, or immunogenic cell death.* ® Over the past 30 years, PDT
has been increasingly applied to treat various solid tumors, including brain, lung, gastrointestine, bone, bladder, prostate, breast,
cervix, ovary, ete.>10

For the skin is the outermost layer of the body which is convenient for the irradiation of the light, Dermatology is
a department with plenty of opportunities of PDT application, for the treatment of diseases from acne, naecvus flammeus,
to skin cancer.'""'? Skin cancer can be simply divided into melanoma skin cancer (MSC) and nonmelanoma skin cancer
(NMSC)."?> MSCs have a high degree of malignancy and are prone to metastasis but were not an indication of PDT.
NMSC is the most common cancer worldwide, of which approximately 75—80% are Basal cell carcinomas (BCCs), 20—
25% are squamous cell carcinomas (SCCs), and others include Actinic Keratosis (AK), Bowen’s disease, and Merkel cell
carcinoma (MCC)."

In view of the rapid development of PDT in skin cancer in recent years, reviewing its development history, and
summarizing the development direction and research status, is conducive and urgently needed to the further research of
PDT on skin cancer. Thus, we reviewed the global trends of PDT on skin cancer based on the bibliometrics analysis, with
the research progress of PDT on NMSC summarized, to help researchers quickly grasp the development trends in the

field and lay the foundation for future research directions.

Materials and Methods

Data Sources and Search Strategies

The data of PDT on skin cancer were obtained from the Web of Science Core Collection from 1988 to 2022. Literature
retrieval was conducted within 1 day (September 5, 2022) to avoid fluctuations in citations caused by rapid updates of
publications. The search formula was set to TS=(Photodynamic Therapy OR PDT) AND TS=(skin) AND TS=(carci-
noma OR cancer). A total of 3083 papers were identified. Next, 418 studies were excluded, including meeting abstracts
(n=55), proceeding papers (n=277), editorial materials (n=32), letters (n=27), early access (n=17), and others (n=10).
Further, only articles and reviews written in English were kept (n=2662), and enrolled for bibliometrics analysis,
including the following information: the number of publications and citations, titles, publication year, countries/regions,
affiliations, authors, journals, key words and references. This procedure was conducted by three researchers (J.S., J.C.,
and H.Z.) independently with any potential differences discussed. The detailed flowchart is shown in Figure 1.
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3083 Papers identified
from Web of Science
N g Excluded meeting abstracts (n=55), proceeding
papers (n=277), editorial materials (n=32), Letters
(n=27), Early Access (n=17), and others (n=10)
e N
2765 articles and
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'L Excluded 103 non-English ]
2662 results employed
2120 Articles, 542 reviews
Figure | Flow diagram of literature selection and screening in this study.
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Statistical Analysis

Microsoft Office Excel 2021 was employed for the data integration. Further, VOSviewer (version 1.6.18) and CiteSpace
(version 6.1.R3) were applied for the data visualization, including the cooperation among countries and institutions,
cluster analysis, bursts of references and keywords, and timeline views. The nodes colors represented various clusters or
times, and the sizes for the number of publications, the thickness of the line for the strength of the relation.

Results
The Initiation and Development of PDT in Skin Cancer

The combinations of light and chemical agents for the treatment of diseases took its shape approximately 3000 years ago,
when the ancient inhabitants of Egypt and Indian used psoralen to treat the depigmentation of vitiligo under sunlight.'>'
In 1903, Nobel Prize in Physiology or Medicine was awarded to Niels Finsen for his contribution to this field. Also in
1903, Von Tappeiner used a combination of light and organic dye eosin to treat skin cancer, and named it photodynamic
action, which was the beginning of modern PDT."”

From 1988 to 2022, totally 2120 articles and 542 reviews were associated with PDT in skin cancer (Figure 2A). The
first clinical trial of PDT on skin cancer was reported in 1988, which was scrapped halfway although.'” In 1990, Kennedy
et al first successfully used 5-aminolaevulinic acid (ALA)-PDT for the treatment of AK, BCC and SCC."® In 1999, ALA-
PDT was firstly approved by the USA Food and Drug Administration (FDA) for the treatment of AK." In 2001, the
European Union, Australia and New Zealand approved methyl aminolevulinate (MAL) for the PDT of AK and BCC.**?!
The curve fitting analysis revealed an overall increasing trend of the annual number of publications, which highlighted
the rapidly progression of interests in the field of PDT on skin cancer. So far, PDT has developed into an increasingly
mature technology, and eight PSs have been approved for clinical use. New PSs such as Pc4 (developed by Case Western

Reserve University) and PHOTOCYANINE (developed by Fuzhou University) are already under clinical trials.****

The Bibliometrics of PDT in Skin Cancer

Totally, 79 countries around the world participated in the study of PDT in skin cancer (Figure 3). The top 10 countries
with the highest number of outputs are displayed in Table 1. Especially, the USA contributed the largest number of
studies with a total of 627 publications accounting for 23.55%. It was followed by China (289, 10.86%), Germany (263,
9.88%), England (126, 8.87%), and Italy (157, 5.90%) (Figure 2B). With publications greater than or equal to 10 as the
filter condition, a further cooperation network of countries was constructed, showing the relatively close cooperation
between countries. Among them, the USA, England and China are in the core area with most of the cooperation and
exchanges with other countries (Figure 3).

Further, we profiled institutions which are influential at the forefront of PDT in skin cancer. A total of 181 institutions
published more than or equal to 10 publications. The top 10 institutions with the most publications are listed in Table 2.
Harvard University was the leading institutions with the largest number of publications (n=92), followed by Universidade
de Sao Paulo (n=83) and University of London (n=83). The contribution and cooperation network indicated the strong
cooperation between the organizations within the same country (Figure 4). International cooperation still needs to be
strengthened.

Focusing on individuals, we find that the continued progress of PDT in skin cancer depends partly on the efforts of up
to 342 researchers with publications greater than or equal to 5. The 10 authors with the most outputs are listed in Table 3,
who may probably be the most representative Principal Investigators in the field. Among them, Szeimies RM from
Germany was the most productive author with 59 publications, followed by Moan J from Norway (44 publications) and
Haedersdal M from Denmark (38 publications). Morton CA from Scotland was the author with the highest average
citation index (ACI). Further, collaboration between authors with five or more publications was visualized by VOSviewer
as shown in Figure 5.

As a platform for the display and exchange of academic achievements, 180 journals have 3 or more publications on PDT and
skin cancer (Figure 6). The top 10 journals are listed in Table 4 with 817 publications. Photodiagnosis and Photodynamic
Therapy unsurprisingly won the crown with 187 publications and the ACI of 16.9. But the journal with the highest 71.07 ACI

Clinical, Cosmetic and Investigational Dermatology 2023:16 htps: 481
Dove:


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

Sun et al Dove

250 3000

200 2384

202 2000

1500
1000
500
0

S

&

150

146

100

Total number of publications

50 % &

1988
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

Annual number of publications
(=]
N
o
3
1\
25
20
N
2014
N
0
~
2018 IS
=3
2019 I
2022

2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2015
2016
2017
2020

140

120

100

80

60

40

20

8§ 5883885883835 88388s58g8e2co2f2et22R458

o O 0O O O O 0 O 0 0 0 O O © © 0 O 0 9O 9 9O © 9 9O 9 © 9o 9o 9 e o 9o o

- T T T T T T v - - NN NN NN NN NN N NN NN NN NN NN NN
HUSA =CHINA = GERMANY " ENGLAND =ITALY

Figure 2 Overall distribution of publication outputs of PDT on skin cancer. (A) Global annual output trends of PDT on skin cancer. (B) The growth trends of publications
related to PDT on skin cancer of the top five countries.

was the Journal of the American Academy of Dermatology, with 44 publications. The top 10 cited publications were presented in
Table 5. The publication with the most citation was written by Brown SB in 2004 with 1358 citations, who revealed the present
and future role of photodynamics.>* Then, the second and third most-cited articles both focus on the discussion of PSs, proving its
core position in the development of PDT.?>

To explore the development direction and research hotspots of the field, the timeline changes of the top 20
keywords were further analyzed and shown in Figure 7. Immune modulation and fluorescence imaging have
successively become the research focus since the beginning of the 1990s. The research emphasis of PDT on AK
and SCC started in the 1990s. BCC began to take the spotlight in the 1995, accompanied by the exploration on
contact hypersensitivity of PDT. Since the 2000s, topical agents and topical delivery have gradually become the

focus of PDT research.
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Figure 3 The contributions and cooperation of countries/regions in the field of PDT on skin cancer. Circles with larger diameters represent countries with more

publications.

Elements of PDT in Skin Cancer

Photosensitizers

As the key of PDT, PSs have been in continuous iterative development over the past 30 years. An ideal PS should have
a relatively single and stable component, with a good absorption peak for the 600-900 nm light source, and has excellent
solubility under physiological pH conditions. In addition, qualified PSs should be outstanding in the rapid and massive
ROS generation under light irradiation, while maintaining its stable baseline state in the absence of light irradiation. PSs
should be selectively and rapidly absorbed by tumor cells, and keep non-absorbed or less absorbed by healthy tissues.
Also, PSs should have good pharmacokinetic characteristics, that is, the excess drug should be quickly excreted from the

body after the completion of treatment.

Light Sources
The light sources currently used for PDT are mainly blue light (wavelength around 410 nm) and red light (wavelength
630-635 nm).”’ For lesions in the cavity, it is recommended to use a semiconductor laser with a fiber, a helium—neon

Table | Top 10 Countries in the Field of PDT on Skin Cancer

Rank Country Publications Percentage H-Index ACI
| USA 627 23.55% 80 39.14
2 China 289 10.86% 41 24.28
3 Germany 263 9.88% 58 43.43
4 England 236 8.87% 5831 59

5 Italy 157 5.90% 38 29.4
6 Brazil 149 5.60% 33 24.74
7 Netherlands 140 5.26% 47 54.38
8 Japan 106 3.98% 28 26.63
9 France 93 3.49% 35 50.75
10 Scotland 90 3.38% 38 66.2

Abbreviation: ACI, average citation index.
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Table 2 Top 10 Institutions in the Field of PDT on Skin Cancer

Rank Organization Publications Percentage H-Index ACI
| Harvard University 92 3.46% 43 60.15
2 Universidade de Sao Paulo 83 3.12% 26 25.66
3 University of London 83 3.12% 32 50.39
4 University of Copenhagen 77 2.89% 34 40.56
5 Massachusetts General Hospital 70 2.63% 37 5491
6 University of California System 69 2.59% 27 36.12
7 University of Oslo 64 2.40% 31 63.63
8 Erasmus University Rotterdam 62 2.33% 26 41.06
9 Bispebjerg Hospital 59 2.22% 28 44.66
10 Erasmus MC 59 2.22% 25 39.76

Abbreviation: ACI, average citation index.

laser, or a special LED light source. For multiple or large skin lesions, LED light source with a larger spot was helpful.
The efficacy of PDT is positively correlated with the time and power of illumination within a moderate range. Given that
conventional illumination of red light may cause unbearable pain in patients, novel protocols, including the Phosistos
protocol (P-PDT) or the Flexitheralight protocol have emerged in recent years, which emit illumination with fabric-based
biophotonic devices.”® A multicenter intraindividual randomized controlled trial (RCT) has proved that P-PDT was
noninferior to traditional PDT in terms of efficacy for treating AK with much lower pain scores and fewer adverse
effects.”” In addition, sunlight has also been tried as a light source of PDT for pain relief.?’

Oxygen and Photochemical Reactions

Oxygen molecules participate in the photochemical reaction of PDT.*” In type I PDT, oxygen molecules can participate
in PSs-induced electron transfer from substrates to generate superoxide anion (O, 7). In type II PDT, oxygen molecules
can generate singlet oxygen ('O,) with PSs activated by light, which could promote denaturation of protein, inactivation
of enzymatic activities, DNA damage and destruction of lipid membrane structure in tumor cells. After being
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Figure 4 The contributions and cooperation of different institutions focusing on PDT on skin cancer. Circles with larger diameters represent institutions with more
publications.
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Table 3 Top 10 Authors in the Field of PDT on Skin Cancer

Rank Author Country Institutes Publications | H-Index ACI
I Szeimies RM Germany Klinikum Vest GmbH 59 34 67
2 Moan | Norway Rigshosp, Radiumhosp Med Ctr, Inst Canc Res 44 25 65.7
3 Haedersdal M Denmark Bispebjerg Hosp 38 23 40.58
4 Morton CA Scotland Stirling Community Hosp 35 26 110.57
5 Robinson D] | Netherlands Erasmus MC, Univ Hosp 30 18 44.6
6 Wulf HC Denmark Copenhagen Univ Hosp 30 20 45.9
7 Wang XL China Tongji Univ 28 13 16.68
8 Juzeniene A Norway Oslo Univ Hosp 25 14 38.96
9 De Bruijn HS | Netherlands Erasmus Univ 24 15 41.92
10 Tedesco AC Brazil Univ Sao Paulo 24 18 37.46

Abbreviation: ACI, average citation index.

endocytosed by cells, the PS 5-ALA was mainly in mitochondria, and can be converted into protoporphyrin IX (PpIX)

via oxygen-based enzymatic reaction, which can inhibit the biosynthetic activity of ATP by disturbing the electron

transport chain and promoting ROS generation. Various approaches have been developed to address hypoxia in the tumor

microenvironment, such as the introduction of second near-infrared photocatalytic O generation.*®

The Mechanism of PDT in Skin Cancer

The conventional treatment of skin cancer is mainly traumatic surgical resection, including both conventional

surgical resection and morphic microsurgical resection. In addition, chemotherapy or radiotherapy is often applied

for large or non-resectable skin cancer to improve the prognosis of patients. In recent years, PDT has been gradually

used alone or as a supplement to treat skin cancer, and its anti-cancer effect mainly depends on the following three

aspects.
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Figure 5 Visual cluster analysis of top authors in the field of PDT on skin cancer. Circles with larger diameters represent authors with more publications.
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Figure 6 Journal analysis in the field of PDT on skin cancer. Circles with larger diameters represent journals with more publications.

Cytotoxicity

As a process with massive production of ROS, PDT can trigger cancer regression by inducing cell apoptosis, necrosis,
and ferroptosis. Excessive apoptosis is the main way for PDT to exert its anti-cancer effect, which depends mainly on the
mitochondrial apoptosis pathway.>' The deposition of PSs in mitochondria can stimulate the irreversible over-opening of
mitochondrial permeability transition pore (MPTP), leading to the release of cytochrome C from the intermembrane
space into the cytoplasm, which then binds to the apoptosis protease-activating factor-1 (Apaf-1), contributing to the
recruitment and self-cleavage of Caspase-9. Cleaved Caspase-9 can activate the downstream Caspase-3 to initiate
a cascade reaction of Caspase protein family, and finally induce nuclear pyknosis and cell apoptosis. In addition, PDT
can also damage cancer tissues via the activation of the matrix metalloprotease family (MMP).>? Besides, PDT can
induce tumor cell necrosis through the activation of receptor-interacting protein kinase 1 (RIPK1), lysosome damage, and
intracellular calcium overload.**-** Cell death could also be triggered by PDT via immunogenic way by the emission of
damage-associated molecular patterns (DAMP), including HSP70, HSP90, HMGBI1 and IL-1p.**3¢

Table 4 Top 10 Journals in the Field of PDT on Skin Cancer

Rank Journal Publications | Percentage | H-Index ACI JCR
| Photodiagnosis and Photodynamic Therapy 187 7.02% 27 16.9 Q3
2 British Journal of Dermatology 134 5.03% 55 69.37 Ql
3 Journal of Photochemistry and Photobiology B Biology 86 3.23% 33 54.92 Ql
4 Photochemistry and Photobiology 84 3.16% 32 48.42 Q2
5 Lasers in Surgery and Medicine 79 2.97% 28 303 Ql
6 Journal of the European Academy of Dermatology and Venereology 62 2.33% 30 41.98 Ql
7 Photodermatology Photoimmunology Photomedicine 49 1.84% 20 28.33 Q2
8 Dermatologic Surgery 46 1.73% 26 35.52 Q2
9 Lasers in Medical Science 46 1.73% 18 26.26 Q2
10 Journal of the American Academy of Dermatology 44 1.65% 25 71.07 Ql

Abbreviation: ACI, average citation index.
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Table 5 Top 10 Most Cited Publications in the Field of PDT on Skin Cancer
Rank Publications First Author Journal Year Citations
| The present and future role Brown, SB Lancet Oncology 2004 1358
of photodynamic therapy in cancer treatment
2 Endogenous protoporphyrin-IX, A clinically useful Kennedy, JC Journal of Photochemistry 1992 968
photosensitizer for photodynamic therapy and Photobiology B-Biology
3 Porphyrin and nonporphyrin photosensitizers in oncology: O’connor, Photochemistry and 2009 866
Preclinical and clinical advances inphotodynamictherapy A E Photobiology
4 5-Aminolevulinic acid-based photodynamic therapy - Clinical Peng, Q. Cancer 1997 856
research and future challenges
5 Photodynamic therapy (PDT): A short review on cellular Robertson, CA | Journal of Photochemistry 2009 774
mechanisms and cancer research applications for PDT and Photobiology B-Biology
6 Photodynamictherapyin oncology - Mechanisms and clinical Pass, H. I. Journal of the National 1993 653
use Cancer Institute
Dye sensitizers for photodynamic therapy Ormond, AB. Materials 2013 551
Photodynamic therapy in oncology Triesscheijn, M. Oncologist 2006 539
Non-melanoma skin cancer Madan, V. Lancet 2010 537
10 Supramolecular photosensitizers rejuvenate photodynamic Li, X. Chemical Society Reviews 2018 534
therapy

Abbreviation: AC|, average citation index.

Microvascular Killing
Through the application of intravascular PSs, PDT can directly damage vascular endothelial cells, triggering the

contraction and necrosis of micro-blood vessels of the cancer tissues in the light-irradiated area. Besides, PDT can

1991 1995 2000 2005 2010 2015 2020

Figure 7 Timeline distribution of the top 20 keywords in the field of PDT on skin cancer.
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also trigger platelet aggregation in some larger blood vessels, leading to blockage and obstruction of blood flow, then
further inducing hypoxia and ischemia.

Immunity Response

Numerous studies have shown that PDT is closely related to systemic antitumor immunity. Compared with immuno-
compromised mice, immunocompetent mice exhibited more ablation of mammary sarcoma after receiving PDT.*” For
vulvar intraepithelial neoplasia (VIN), patients with deficiency in major histocompatibility complex class I (MHC-1)
molecules showed no response to ALA-PDT. while VIN patients with better response to ALA-PDT showed increased
CDS8+ T cells infiltration in the cancer.”® AK and Bowen’s disease in immunosuppressed patients show low response to
PDT, with longer treatment cycles and possible new lesions.

While killing cancer tissues, PDT can also induce edema in the light-irradiated area, which is actually a local acute
inflammatory response. As a protective effect of the body, acute inflammatory response is an innate response to injury,
exerting its anti-cancer effect by inducing the chemotaxis, activation and phagocytosis of macrophages. Besides, a large
number of neutrophils, hypertrophic cells, and dendritic cells also infiltrate rapidly to the lesion tissues in response to
various inflammatory factors released by the damaged cells of the PDT site. Further, phagocytes that have engulfed tumor
cells could migrate to regional lymph nodes and then differentiate into specific antigen-presenting cells. In response to
tumor antigens, lymphocytes can proliferate rapidly, and target to the residual cancer tissues which were then eliminated
by the antigen—antibody reaction and interleukin release of the lymphocytes. The reactivity of leukocytes in the blood to
the BCC-related tumor antigen Hip-1 could be enhanced after BCC patients being treated with PDT.** The immunor-
eactivity following PDT was negatively correlated with its treatment area and light dose.*® Therefore, the blockade of
anti-inflammatory factors such as IL-10 and TGF-B after PDT may improve the efficacy of PDT by maintaining or
strengthening the local inflammatory response. It should be noted that the anti-cancer immunity mediated by PDT to
activate humoral immunity and cellular immunity is still unclear, which may be related to the maturation and activation
of dendritic cells and the enhancement of T cells. In addition to the direct apoptosis and cell death induced by PSs,
studies have demonstrated that apoptotic cells induced by ALA-PDT can strengthen the production of dendritic cells
vaccines, which exhibit growth-inhibitory effects on SCC in mice, indicating possible directions of dendritic cells
vaccine-based cancer immunotherapy in PDT.*

Representative Photosensitizers

Thus far, hundreds of PSs have been applied in preclinical research, preclinical experiments, or clinical therapy. Most
PSs, including porphyrin, chlorin and phthalocyanine derivatives, have tetrapyrrole structures. BODIPY, cyanine dyes,
semiconductors, fullerenes, and aggregation-induced emission (AIE) fluorogens have been recently employed as novel
PSs owing to their unique physical and chemical properties, which enable improvements in PDT efficiency.

As the most widely studied PSs families, porphyrins and phthalocyanines are widely used for the fabrication of
supramolecular PSs. Porphyrins contain a cyclic array of four pyrrole rings, electronically n-conjugated through four
methyl bridges. Since the core framework of porphyrins is composed of a macrocyclic conjugated system containing 18 &
electrons, it has unique electron absorption properties, including a Soret band around 400 nm and four Q bands in the
500-700 nm region. Chemical modification enables porphyrins to be rationally transformed into various derivatives or
porphyrin-like compounds with more excellent photoactivity. For example, chloride, a porphyrin derivative obtained by
reducing one of the peripheral cross-conjugated double bonds, has a red-shifted absorption maximum and a larger
extinction coefficient than porphyrin.

Phthalocyanines are porphyrazine derivatives that contain four Schiff base nitrogens in place of the methane bridge
connecting the four pyrrole rings. Due to the extended conjugated structures, phthalocyanines absorb light in the near-
infrared region compared to most other porphyrins. Owing to the extended conjugation provided by the two fused phenyl
groups on each pyrrole ring, naphthyridine derivatives generally absorb light with longer wavelengths than porphyrins,
with higher efficacy of singlet oxygen generation, showing great potential for being applied in PDT. So far, three main
strategies have been used to develop structurally modified phthalocyanines, including tuning the peripheral aromatic
rings, changing the metal ions in the center, and changing the axial ligands. Specifically, the complexation of closed shell
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and diamagnetic metal ions (eg, AI’*, Si*", and Zn®*") enables phthalocyanine complexes with higher intersystem
crossover rates and longer triplet lifetimes, whose complexes generally show higher ROS generation efficiency, and
thus, become the main choice for PDT in the clinic.

Current Challenges in the Development of Photosensitizers

Although the PSs currently in clinic application already have their inherent advantages, there still have some inherent
disadvantages, which pose a challenge to further improvement in efficacy. First, most of the current PSs are highly
conjugated compounds, which leads to their low solubility ability or strong aggregation in aqueous solutions, resulting in
a decrease in ROS generation after being activated by light. In addition, although PDT has good selectivity in both time
and space manner, the selectivity of PSs to diseased cells is still unsatisfactory enough, and some PSs could still been
taken up by adjacent healthy cells. The slow clearance of PSs from the body may also lead to potential therapeutic risks
associated with eye damage and hyperpigmentation of healthy skin. For PSs with higher absorption peaks in the visible
light region of 400—600 nm like photofrin, it is of great necessity to avoid light after PDT to minimize the side effects
caused by the residual PSs. These problems in part contribute to people’s concerns about the application of PDT for skin
cancer, which in turn hinders the further research and development of PSs.

Recently, great efforts have been made to develop PSs for overcoming the above-mentioned problems. Several studies
have focused on developing highly water-soluble and non-aggregating phthalocyanine derivatives to generate higher
levels of ROS with higher stability.*' In addition, some studies have improved the selectivity of PSs by attaching cell-
targeting groups to the PSs, mitigating damage to healthy cells.** Nano drug delivery system is a new method that has
been in full swing recently.*> While greatly improving biocompatibility, the better targeting of nano drug delivery system
to cancer cells is also conducive to the improvement of curative effect.** Besides, combining PSs with oxygen-carrying
groups can solve the problem of hypoxic microenvironment during PDT.* Research in the area has led to a new
“supramolecular” strategy for developing new smart PSs. Supramolecular PSs utilize non-covalent intermolecular
interactions to construct PDT-active assemblies, including self-assembly of the same PSs molecules, co-assembly of
different PSs molecules, co-assembly of PSs molecules with other non-PSs small molecules, and co-assembly of PSs
molecules with other materials. The noncovalent interactions endow these types of supramolecular PSs with controllable
photoactivity. Also, transition metal complexes have received increasing attention as PSs in PDT.*® Ru (II) polypyridine
complexes have emerged as promising PSs for PDT, with rich photochemical and photophysical properties, derived from
the various excited-state electron configurations accessible to visible and near-infrared light, and can be exploited for
energy and electron transfer process.?” These lead to much more efficient oxygen-dependent and/or oxygen-independent
photobiological activity.*®

The Research Progress of PDT on Skin Cancer

Seborrheic Keratosis

Commonly seen on the head and face of the middle-aged and elderly, seborrheic keratosis (SK) is a benign lesion with
little chance of transformation into malignancy like SCC. There are only two cases about the treatment of SK with PDT.
The first was an 81-year-old man presented with a reddish-brown plaque on the scalp and was diagnosed as SK with
SCC. The patient underwent carbon dioxide laser for 3 times, followed by ALA-PDT, and was followed up for 1 year
without recurrence.*” The second was a 61-year-old woman presented with a 4.0 cm x 4.5 cm SK on her vertex, which
was effectively reduced and thinned by ALA-PDT.*°

Actinic Keratosis
As the most frequent premalignant skin disease in the Caucasian race, AK is commonly seen in the sun-exposed site of
the elderly such as the face, ears, palmar region and forearm, and can sometimes develop into SCC.>'

PDT is currently approved for the treatment of AK in the USA, Canada, and the European Union, etc.”* However,
which PSs work best in the treatment of AK is still inconclusive. MAL-PDT has been shown to ameliorate lesions till the
dermis underlying and surrounding the AK sites, which is more effective than ingenol mebutate and diclofenac plus
hyaluronate gel (DHA).>® In a single-blind RCT of four Dutch hospitals, totally 624 AK patients with five or more lesions
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on the head were recruited, involving one continuous area of 25 to 100 cm®.>' 3 months after the treatment, the cure rate
of the MAL-PDT was 76.0% (117/154), similar to the 75.8% (113/149) of the Imiquimod, and significantly higher than
the 0.015% Ingenol mebutate (67.3%, 101/150). No unexpected toxic effects were documented in the MAL-PDT
group.” Including 15 independent RCTs with 4252 patients, a network meta-analysis (NMA) focused on the long-
term efficacy of AK after at least 12 months.>® They found that, as for the complete clearance of AK, ALA-PDT showed
the most favorable risk ratio (RR) compared with placebo (RR, 8.06), followed by 5% Imiquimod (RR, 5.98), MAL-PDT
(RR, 5.95), and cryosurgery (RR, 4.67).° ALA-PDT also showed the highest RR in the NMA for lesion-specific
clearance (RR, 5.08).>° Based on the traditional ALA-PDT, the emerging daylight PDT is thought to have higher
efficacy for mild-to-moderate AK lesions, with better patient compliance and relatively low variability in outcomes.>=""
! An intra-individual design with 50 patients in 6 Germany centers has proved that with daylight as the light source, BF-
200 ALA-PDT was superior to the vehicle with respect to total lesion clearance rates (86.0% vs 32.9%, P<0.01) to
complete clearance (67.3% vs 12.2%, P<0.01).°* Meanwhile, BF-200 ALA-PDT had a lower one-year overall lesion
recurrence rate (14.1% vs 27.4%, P<0.01), and more satisfactory cosmetic outcome.®® A multicenter RCT has also found
that BF-200 ALA-PDT is more effective and cost-effective than MAL-PDT for grade I-II AK, consistent with another
study including 52 patients carried out in Germany and Spain.®>**

In addition to the application in AK that has already occurred, PDT has also been shown to be useful in the prevention
of AK after solid organ transplantation. The clinical trial of 25 patients with kidney transplantation showed that AK
occurred in 63% of the patients, but PDT treatment every 6 months for 5 years was effective in reducing the onset of AK
to 28%.%

The combined use of PDT with cryotherapy, laser therapy, topical interventions or microneedling can improve their
therapeutic effect with similar tolerability compared to the respective monotherapy.®®*® A randomized split-scalp study
confirmed that topical application of calcipotriol could enhance the efficacy of MAL-PDT on type II AK from 63% to
90% which may be owing to the elevated PpIX levels.®” A bilaterally controlled trial of 17 patients found that the
pretreatment of 5-FU for 6 days could enhance the PpIX level to two- to three-fold immediately after MAL-PDT, with
altered expression of heme-synthetic enzymes and induction of p53°% With the assistance of 5-FU pretreatment, the
relative clearance rates of MAL-PDT increased from 45% to 75% at 3 months (P<0.05), and from 39% to 67% at 6
months (P<0.05), respectively.” A study of 58 patients found that VD3 deficiency resulted in the PDT clearance rate of
AK to drop from 62.6% to 40.9%.”° Meanwhile, high-dose VD3 supplementation (10,000 IU daily for 5 or 14 days)
significantly improved the response rate of AK from 54.4% to 72.5%.”° This regimen has good prospects and good
tolerance, and can be considered for further promotion in clinical practice of PDT.

Basal Cell Carcinoma
Originating from basal cells or the outer root sheath cells of the hair follicle, BCC is a common skin malignancy with
increasing incidence worldwide. European Dermatology Forum guidelines on topical PDT 2019 confirmed that nodular
BCC should be treated with surgery first, but for other types of BCC, the lesion clearance rates of surgery were not
always superior, and topical non-surgical treatments, such as PDT or creams were recommended.”’ In Netherlands,
a RCT of 601 patients from seven hospitals found that, after 1 year of treatment, the proportion of tumor residue or
recurrence in the MAL-PDT group was 52 of 196 patients, comparable with 31 of 189 and 39 of 198 in the Imiquimod
and 5-FU groups, respectively.”> A follow-up of BCC treatment showed that the 3-year tumor-free survival rate was
58.0% of MAL-PDT, 79.7% of Imiquimod, and 68.2% of 5-FU.”* PDT may be associated with higher pain, but its
duration is shorter than other topical treatments, with superiority in cosmetic results.”*”> Also, serious adverse reactions
of PDT are less common than Imiquimod or 5-FU, indicating its relative safety.”> ALA-PDT was proved to have equal
effective rate as MAL-PDT in treating BCC.”® A Phase III RCT of non-invasive BCC in Germany and the England
showed a complete response rate of 93.4% in the BF-200 ALA group and 91.8% in the MAL-PDT group.’’ Furthermore,
a study in 2020 pointed out that hexyl aminolevulinate (HAL) is an interesting alternative PS for BCC, which can
achieve lesion clearance similar to the previous PSs at lower concentrations.”®

Combination of PDT with other treatment modalities showed lower recurrence rates and better cosmetic results for
BCC treatment. The CO, ablative fractional laser (AFL)-assisted PDT for superficial BCC was significantly less painful
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with the same efficacy as well as comparable side-effects as traditional PDT.” The pretreatment of skin with CO, AFL
prior to MAL-PDT could also enhance drug penetration with the incubation time minimized from 3 hours to 1 hour with
the same efficacy for BCC.*® Er: YAG AFL-primed MAL-PDT was also proved to have an overall complete response
rate of 84.5%, much higher than the 50.0% of the MAL-PDT, with the cosmetic outcomes or safety untouched.®! Li et al
explored the efficacy of hematoporphyrine injection (HpD)-based PDT on BCC which was activated by laser irradiation,
and found that it could be significantly enriched in the tumor site at 48 and 72 hours after injection, and significantly
reduced after laser irradiation, with good therapeutic effect and metabolic pattern.®*

Squamous Cell Carcinoma
SCC is a malignant tumor originating from epidermal or adnexal keratinocytes in sun-exposed areas, like the head and
neck. In addition to surgical resection, PDT is increasingly applied in the clinical treatment of SCC, with the complete
response rate as high as 82%.%>"% But due to the poor tissue penetration of light and PSs, PDT is more suitable for
single-shot, superficial, small-area SCCs rather than larger or thicker SCCs. To solve this problem, there are studies
developed visible light-induced PS nanoparticles, based on the conjugation of Ce6, cleavable Caspase-3 peptide and
monomethyl auristatin E (MMAE), which requires lower energy irradiation for the activation of Caspase-3 to cleave the
anticancer drug MMAE from the nanoparticles.*® The subsequent strong cytotoxic effects could further amplify cell
death in the absence of visible light irradiation, thus leading to better treatment outcomes of SCC.*® Furthermore,
brusatol (Bru) was loaded on the surface of ultraviolet A (UVA)-responsive zinc oxide (ZnO)-coated magnetic
nanoparticles (FeO@ZnO-Bru), which has been shown to have a strong inhibitory effect on SCC, and can inhibit the
scavenging effect of SCC on ROS by significantly inhibiting the Nrf2 signaling pathway.®” ALA-loaded polylactic-co-
glycolic acid (PLGA) nanoparticle (NP)-assisted PDT demonstrated stronger PpIX production and more efficient cell
killing in SCCs.®®

Combination use with other treatment modalities can also improve the efficacy of PDT for SCC. Enhanced glycolysis
and reduced oxidative phosphorylation, namely the Warburg effect, play a key role in the resistance of SCCs to PDT.
Studies have shown that pretreatment with metformin can effectively prevent the metabolic reprogramming of SCC
during PDT treatment and enhance the efficacy of PDT.* The pretreatment of 5-FU for 3 days could help ALA-PDT
trigger more PpIX enrichment in SCCs and thus result in more cell death, whose mechanism may be related to changes in
the expression of key enzymes, including upregulated coproporphyrinogen oxidase and downregulated ferrochelatase.”
A three- to six-fold induction of p53 in 5-FU-pretreated tumors was also noted, which may play a certain role in the
apoptosis induction and cell death.’® In a RCT of 45 patients with micro-invasive SCC, the overall complete response
rates were higher in AFL-primed MAL-PDT than the MAL-PDT group, both in 3 months and 24 months after treatment,
which indicated that AFL can be used as an auxiliary means for SCC patients receiving PDT treatment.”'

Extramammary Paget’s Disease

As an intraepithelial cancer, extramammary Paget’s Disease (EMPD) is prone to recurrence and sometimes refractory to
therapy. PDT had a good therapeutic effect with no obvious side effects in EMPD. Compared with the traditional wide
local excision (WLE) of EMPD, PDT had shorter operation time, lower rate of recurrence and functional sequelae.”
MAL-PDT can exert EMPD Kkilling effect by promoting the expression of Toll-like receptor-7 and the infiltration of
Langerhans cells and T cells in the lesion.”> ALA-PDT showed a higher complete remission rate than MAL-PDT,
meanwhile systemic PDT with intravenous sodium porfimer had much higher response rates but can be associated with
more adverse reactions.”* A study of 7 patients with EMPD was exposed to 635 nm laser to irradiate the lesion area with
a power of 177 J/cm for 15 minutes. After 2—4 cycles of ALA-PDT, no local recurrence occurred during the follow-up
period in 2.9 years.” In an open-label, single arm, pilot study of 11 patients, the thickness of the EMPD lesions was
0.8-6.7 mm (mean, 2.9 mm), and the complete remission rate of HpD-PDT after the first month was 90.1% with good

. 9
cosmetic outcomes.”®

PDT can also be used in combination with holmium laser, Imiquimod, etc, to improve the efficacy on EMPD.?*-*7%°
In a case study of 13 patients, compared with the WLE-only group, 4 times of PDT preprocessing reduced the size of the

lesion by more than 58%, and the recurrence rate after further surgical resection was reduced from 25% to 9.1%.'% For
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the treatment of EMPD in the scrotum, ALA-PDT combined with WLE showed good clinical efficacy, with a low
complication rate (6.25%) and a recurrence rate as low as 12.5%.'"!

Vulvar Paget disease (VPD) accounts for 1% of all vulvar cancer. The standard treatment of VPD is surgical
resection, whose recurrence rates were rather high, with unavoidable anatomical, functional and sexual
complications.'> PDT could solve these problems well, but at the same time, 6 out of the 10 patients report moderate-
to-severe pain, which was an unignorable problem to be solved urgently.'®® The light emitting fabric has been well
developed for the treatment of AK and has also been shown to be adjunctive to MAL-PDT in the treatment of VPD with

marked improvement in tolerability.'**

Pros and Cons of PDT on Skin Cancer

The Pros of PDT on Skin Cancer

Located on the body surface, skin cancer has unique advantages in the application of PSs and light source irradiation,
compared with tumors of the internal organs. Also, compared with traditional treatment options, PDT has obvious
advantages listed below.

First, the light dependence of PSs activation makes PDT more selective and specific in time and space manner, thus
greatly reduces unnecessary cytotoxicity and damage to other parts of the body which may be unavoidable in radio-
therapy and chemotherapy.'®

Second, in view of the fact that PDT Kkills cancer cells through instantaneously generated excess ROS, it can quickly
and effectively kill all lesions of the light-irradiated site without missing potential minor lesions, which can greatly
reduce the possibility of recurrence from invisible minimal lesions.' In addition, the hyperplastic tissue in skin cancer
can accumulate more PSs, which can emit a unique brick-red fluorescence under the irradiation of ultraviolet light,
making the boundary of cancer tissues visualized, facilitating the determination of treatment plan.

Third, compared with traditional surgical treatment, bleeding is almost non-existent during PDT, which can preserve
normal tissues as much as possible with less trauma.'®” Meanwhile, the nursing work after PDT does not require frequent
dressing change or other special precautions except for the protection from light. This greatly guarantees patients’
convenience and compliance. For skin cancer that require multiple treatments, PDT has almost no initiating resistance or
drug resistance issues.

Fourth, PDT can be used alone or in combination with other treatment modalities, including radiotherapy, chemother-

apy, surgery, gene therapy, sonodynamic therapy or immunotherapy.'®®

The Cons of PDT on Skin Cancer

Despite these advantages, what cannot be neglected is that PDT also has some obvious shortcomings, which limit its
further promotion in clinical treatment. First of all, the skin of different parts, types, or colors may have different
absorption, transmission, scattering and reflection characteristics of light, with different PpIX generation, so that different
patients or different parts of the same patient may differ in responses to the same PDT process.'% This undoubtedly puts
forward higher requirements for dermatologist’s skills and experience.

Second, the penetration depth of light in the skin is limited by the wave-particle duality of light. The wavelength of
light is proportional to its penetration depth. Namely, the longer the wavelength of light, the deeper the penetration, but
meanwhile the lower the energy it carries. Light with a wavelength greater than 850 nm cannot effectively activate the
PSs to generate enough ROS due to its low energy, thus cannot be effectively used in clinical treatment. Therefore, light
in the wavelength range of 650-850 nm is generally considered to be a more suitable wavelength range for PDT.
However, light in this wavelength range can only penetrate a few millimeters of skin. With the deepening of the light
penetration distance, the energy carried by light decreases exponentially. That is, the PSs in the subdermal skin may not
be effectively activated by the attenuated light. So, PDT may be ineffective for the deep invasion of skin cancer.

Second, the generation of ROS during PDT is dependent on the presence of oxygen. When the cancer microenviron-
ment is in a hypoxic state, or when the cancer is deeply infiltrated, the treatment efficiency of PDT will be limited. This
aspect also limits the efficacy of PDT in the treatment of skin cancer with deep infiltration depths.
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Third, patients may experience tingling, burning sensation, or itching during PDT, and local erythema, edema after
treatment.''° Some patients may also experience temporary hyperpigmentation. The response of residual PSs in the body
to sunlight after treatment may cause unexpected side effects, which requires patients to remain in a dark environment for
a period of time after treatment, relying heavily on the compliance of patients.

Fourth, the relatively high price of PDT may be another key factor limiting its large-scale application. In the
Netherlands. a trial-based analysis was performed to determine which commonly prescribed field-directed treatment
was the most cost-effective, when comparing 5% S-fluorouracil (5-FU), 5% imiquimod (IMQ), 0.015% ingenol mebutate
(IM) and MAL-PDT for AK in the head and neck region.''! At 12 months post-treatment, the total mean cost of MAL-
PDT was €1621, significantly higher than 5-FU, IMQ and IM, respectively, €433, €728, and €775,

The Current Status and Prospects of PDT on Skin Cancer in China

Nowadays, PDT on skin cancer has been widely promoted in the department of Dermatology in China. The large
population and relatively weaker awareness of UV protection have resulted in a correspondingly large number of skin
cancer patients. This has given PDT great prospects for application, but also poses many challenges.

Firstly, there may be large differences in the application and quality of PDT in the treatment of skin cancer in
hospitals of different levels. This may lead to inconsistent reputations for PDT, affecting its further acceptance by
patients. Secondly, doctors have different criteria for judging whether skin cancer is suitable for PDT treatment, and there
may be some patients who undergo useless PDT treatment or unnecessary trauma from surgery. In addition, the standard
operating procedures and post-operative effectiveness evaluations for PDT in treating different types of skin cancer may
vary, and there is no widely recognized consensus till now. Furthermore, although many new PSs are already being
explored in clinical trials, the majority of PSs used in clinical treatment for skin cancer are still 5-ALA, leaving doctors
with limited options.

To solve the above problems, a series of measures should be implemented for the development of PDT on skin cancer.
First, considering the skin characteristics of the Chinese and the epidemiological features of skin cancer in China, the
formulation of a detailed inclusion criteria for skin cancer to PDT will be the first step in standardizing PDT for skin
cancer treatment. Second, standardized protocols for the treatment process and curative effect evaluation of various types
of skin cancer need to be established urgently. Considering the diversity of patients’ conditions, the development of
artificial intelligence to assist doctors in the treatment and evaluation of skin cancer may help to improve the efficacy of
PDT. Doctors and scientists in China urgently need to promote more preclinical experiments and clinical trials to
accelerate the process of new PSs from laboratory to clinical application. In November 2022, the State Drug
Administration of China issued the Technical Guidelines for the Clinical Development of Anti-tumor Photodynamic
Therapy Drugs. This marked China’s progress in the standardized research and development of PDT.

Conclusions
The development of PDT is the crystallization of the cross-coordinated fields of physics, chemistry, biology and
medicine. Owing to the non-invasive characteristic, PDT is not only suitable for the treatment of patients in good
physical condition but also especially suitable for those who cannot tolerate surgical treatment, such as elderly patients,
solid organ transplant recipients, and other infirm patients, who are prone to skin cancer but may not be able to withstand
radiation or chemotherapy.®"''? Besides, PDT has a good targeting effect on skin cancer, which is especially suitable for
the assistance of difficult-to-resect tumors of the periorbital, ocular, paranasal, etc.'"'*"''> PDT has the advantages of
aesthetics under the premise of ensuring safety and effectiveness. For skin cancer with deep invasion or large area, the
use of PDT and other treatment modalities can be combined to improve the cure rate. For skin cancer with recurrence
after prior treatment, supplementation with PDT may be considered for the elimination of potentially tiny or invisible
lesions.”>!1¢

Recently, the modification of PSs has been continuously improved, such as the addition of molecules that help target
tumor cells or improve the hypoxic environment, and the coupling of pro-apoptotic proteins. Besides developing novel
PSs, improving the skin penetration of PSs by physical means is also a promising direction for drug delivery enhance-
ments, like elongated microparticles, microneedles or dermaroller.''” Also, considering the large individual differences in
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the efficacy of PDT on skin cancer, further research on the characteristics of individuals and types of skin cancer with
poor efficacy may help to further find targets for improving PSs.

At present, there is no standardized process for patient enrollment, treatment operation, and effect evaluation in the
treatment of skin cancer in PDT, which needs to be further improved to ensure the curative effect of patients. It should be
noted that not all patients could receive PDT. PDT is not suitable for people suffering from porphyria, allergic to
porphyrins or other types of PSs. Patients were generally advised against PDT with a recent history of PSs taking,
suffering systemic lupus erythematosus or chronic photosensitivity dermatitis, etc. The long-term effect of PDT on skin
cancer should also be continuously observed to avoid cancer recurrence or metastasis.
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