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Abstract: Photodynamic therapy (PDT) is a new modality for cancer therapy, which has been used in the
clinical treatment for various tumors, such as skin cancer, bladder cancer and prostate cancer. Most photosensitizers
have the disadvantages of hydrophobic, low bioavailability and the limited tumor targeting ability. The nanoscale
delivery systems can improve the solubility of photosensitizers and enhance their accumulation at the tumor sites.
The multifunctional nano-delivery systems are prepared in combination with other anti-tumor drugs to enhance the
anti-tumor effect. In addition to addressing the issues of poor solubility and the insufficient tumor targeting ability,
the nanoscale delivery systems need to improve the pharmacokinetic properties of photosensitizers, facilitating their
rapid accumulation at the tumor sites and quick elimination in vivo, and reducing the skin phototoxicity. This
review summarizes the recent clinical application of PDT of cancer, the development of photosensitizers, the delivery
systems for photosensitizers and the combinatorial application with other therapeutic methods. The goal is to present
an understanding of knowledge on the design of new types of photosensitizers and its clinical application in PDT
of cancer.
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Table 1 The approved photosensitizers and their application in clinical practice

[13,49-55]

Photosensitizer Structure Trade name Application
0.
[¢]
Hematoporphyrin derivative Photofrin® Lung cancer, bladder cancer,
(HpD) cervical cancer
NaO,C CONa | =19
SN
HO -
Meta-tetrahydroxyphenyl chlorine Q O Foscan® Head and neck cancer
(m-THPC, temoporfin) %
5-Aminolevulinic acid (5-ALA) Levulan” Actinic keratoses, basal cell
carcinoma, head and neck cancer
Methyl aminolevutinate (MAL) Metvix" Actinic keratoses, basal cell
carcinoma
Mono-L-aspartyl chlorine e6 Aptocine”/ Lung cancer, recurrent
(NPe6) Laserphyrin® subcutaneous tumors
Chlorin e6-polyvinylpyrrolidone Fotolon® Skin and mucous membranes
polymer complex (Ce6-PVP) cancer
. Tookad”
Padeliporfin Prostate cancer
Aluminum phthalocyanine Photosens” Age-related macular degeneration,
tetrasulfonate (AIPcS4) prostate cancer
Benzoporphyrin derivative Visudyne” Age-related macular degeneration,

monoacid ring A (BPD-MA,
verteporfin)

non-melanoma skin cancer
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Figure 1 Schematic illustration of various delivery systems for

photosensitizers. (A) antibody-photosensitizer conjugates, (B) lipo-
somes, (C) polymeric micelles, (D) polymeric nanoparticles, (E)
nanogels, (F) dendrimers, (G) gold nanoparticles, and (H) mesopo-

rous silica nanoparticles
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Table 2 The antibody-photosensitizer conjugates for the delivery of photosensitizers in preclinical study and their application

Antibody-photosensitizer

. Property Application
conjugate

B7-H3-Ce6!* To increase water solubility, enhance cell uptake efficiency, promote Non-small cell lung cancer
photodynamic therapy (PDT) efficiency, and enhance the blood
circulation time and tumor accumulation

TMPC®! To enhance the accumulation of Ce6 in tumors with longer retention time Human epidermal growth factor receptor 2

(HER2) over expressed breast cancer
CcMmpC” To enhance the affinity to cancer cells expressing epidermal growth EGFR positive pancreatic cancer

factor receptor (EGFR), induce the synergistic antitumor response,

enhance the solubility and fluorescence of Ce6

Pyro-Linker-Z,,..,'"” Highly specific accumulation

HER2-highly expressed NCI-N87 tumors
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Table 3 Nano-delivery systems for photosensitizers and their application

Nanoparticles Material Photosensitizer Property Application for PDT
Natural polymeric Chitosan Ceb6 Good biocompatibility and To improve the biocompatibility and
nanoparticles’" biodegradability, nontoxicity, low phototoxicity, enhance the cellular uptake of
immunogenicity Ce6 in A549 cells
Synthetic polymer Poly (lactic- Pheophorbide  To protect the loaded drug from To overcome the limitation related to the high
nanoparticles”>’"! co-glycolic A hydrolysis and degradation, with hydrophobicity and the lack of the target
acid), PLGA excellent loading efficiency, controlled  specificity of pheophorbide A, enhance the
and sustained release of drug, efficient ~ phototoxicity and accumulation of
bioavailability pheophorbide A in CaSki tumor model
Nanogel PDA-PEG and Pheophorbide  To achieve localized delivery and To activate the photosensitizers in tumor
PDA-PEG- A on-demand release of photosensitizers,  tissue, enhance the long circulation time and
AEME with high biocompatibility PDT efficiency in head and neck squamous
cell carcinoma tumor model
Cell membrane Cancer cell Protoporphyrin  To enhance the circulation durations To enhance the accumulation of PpIX at 4T1
biomimetic modified membranes IX (PpIX) and selective accumulation within the tumor site and the tumor cellular
nanoparticles tumor, with highly homotypic targeting  internalization, with high biocompatibility
(CMBMNPs)®821 toward cancerous cells and long circulation time
Gold Polypeptide- Ceb To enhance the accumulation of To enhance the cellular internalization of Ce6
nanoparticles™**! modified gold photosensitizers, increase the in A549 cells, with excellent tumor targeting
nanoclusters production of ROS, with high chemical  ability, long blood circulation time, inhibit the
(GNCs) inertness, easily tunable optical growth of A549 tumor in mice
properties, large extinction coefficients,
facile surface modifications, localized
surface plasmon resonance (LSPR)
Carbon-based Single wall Verteporfin Versatile surface modifications and The verteporfin-loaded SWCNTs
nanoparticles®**”) carbon chemical functionalization, low or functionalized with amine for PDT
nanotubes non-toxicity, good biocompatibility
(SWCNT)
Quantum dots Manganese- Ceb High emission quantum yield and To exhibit lower toxicity, improve
(QDs)!*5#1 doped carbon photo-stability, good biocompatibility, biocompatibility, selectively target and detect
quantum dots easy surface-functionalization cancer cells, exert PDT effects
(Mn-CQDs)
Magnetic Ce-doped- m-THPC Superparamagnetic and biocompatible ~ Stable in aqueous suspensions, to enhance the
nanoparticles®”*! 7-Fe,0, cellular internalization and PDT efficiency of
maghemite m-THPC in MDA-MB231 cells, direct the
nanoparticles nanocomposites to the targeted sites, enhance
(MNPs) the PDT efficiency in the breast cancer
Silica Folic acid (FA)- Ce6 Huge specific surface area, controllable ~ Stable in physiological solution, highly taken
nanoparticles””***! decorated silica pore size and morphology, up by the MDA-MB-231 cells, higher MDA-
nanoparticles functionalized modification, satisfying ~ MB-231 cell-killing effect than free Ce6
biocompatibility and biodegradability
Upconversion NaGdF4 UCNPs Ce6 To improve tissue penetration depth, To enhance the PDT efficacy in 4T1 tumor
nanoparticles with high photochemical stability, free ~ bearing mice, enhance the penetration and
(UCNPs)>") of auto-fluorescence background retention effect, with good biocompatibility
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Figure 2 The schematic illustration of IgG:PhA NPs prepared by
the "IgG-hitchhiking" strategy through the naturally high affinity
of PhA to IgG. IgG:PhA NPs increase the accumulation of PhA at

tumor sites and do not change the clearance rate of PhA in the

blood owing to the competitive binding of serum components'*.

(Reprinted with permission from reference!'”, Copyright 2023
Elsevier”). PhA: Pheophorbide A; IgG: Immunoglobulin G
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