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Table 1 Photosensitizers with clinical approval or under clinical trials
Generation Photosensitizer Indication State
Esophageal cancer, lung cancer, microinvasive
Photofrin® (Porfimer sodium) endobronchial cancer, gastric and papillary bladder, cervical
dysplasia, and cancer Clinically
First
) ] Esophageal cancer, lung cancer, bladder cancer, oral approved
HiPorfin )
cancer, and skin cancer
Hemoporfin Port wine stain
® ) Approved: head and neck cancer
Foscan” (Temoporfin) o ) )
Preclinical testing: breast and pancreatic cancer
Visudyne® (Verteporfin) Age-related macular degeneration
Laserphyrin® /NPe6/ Talaporfin Approved: early lung cancer
(Chlorin m-THPC) Clinical trials: hepatocellular cancer and liver metastasis
Levulan® (Protoporphyrin) Actinic keratosis Clinically
Metvix® /Metvixia® o . . approved
] Actinic keratosis and basal cell carcinoma
(Protoporphyrin)
Photochlor (HPPH) BCC, lung, head, and neck cancers
Approved: actinic keratosis
Ameluz® /Levulan® (5-ALA) . . .
Clinical trials: brain
5-ALA Condyloma acuminatum
Tookad® (Pheophorbides) Prostate cancer
Redaporfin® Biliary tract cancer, head, and neck
® Metastatic breast, cancer, AIDS-related Kaposi’s sarcoma,
Purlytin )
and basal cell carcinomas
Lutrin® and Lutex® Clinicaltrials: recurrent prostate cancer and cervical cancer
Second (metalloporphyrins) Preclinical testing: recurrent breast cancer
Photrex Age-related macular degeneration
Antrin Coronary artery disease
Fotolon Nasopharyngeal and sarcoma
Radachlorin Skin diseases
o Under clinical
Hypericin Bladder cancer and nasopharyngeal cancer
trials
Chalcogenopyrylium dyes Prostate cancer, breast cancer, and colon cancer
Phenothiazinium dye-methylene Bladder cancer, colon cancer, and AIDS-related Kaposi’ s
Blue sarcoma
Phenothiazinium dye-Nile blue ) )
o AIDS-related Kaposi’s sarcoma and T-cell leukemia
and derivatives
Phenothiazinium dye-toluidine Blue Bladder cancer and mouse mammary sarcoma
Cyanines Leukemia and lymphoma
ADPMO06 Breast cancer and mouse lung cancer
Photocynine Esophageal carcinoma
DVDMS Esophageal cancer
Third Functional photosensitizer Being developed
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Table 2 Irradiation sources for PDT and their wavelengths

Irradiation source Mechanical wave ~ X-ray UV Visible light NIR NIl
(400-700 nm) (700-900 nm) (1000-1700 nm)

Day-light N N J N

Broad-spectrum lamp N/ N N NG

Laser N NG NG N

LED N N v v
Self-excitation source N/ N

X-ray source N

Acoustic wave source
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Fig. 6 Synergistic strategies for enhanced PDT
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Table 3

Optical techniques for monitoring dosimetric parameters in PDT

Dosimetry model Dosimetric factor

Optical technique

Absorbance

Photosensitizer

Absorption spectroscopy

Fluorescence spectroscopy

Concentration/distribution

Fluence rate
Explicit dosimetry  Irradiation light

Fluence

Hyperspectral imaging

Flat and isotropic detectors

Diffuse optical spectroscopy

Oxygen saturation

Molecule oxygen

Oxygen partial pressure

Spatial frequency domain imaging

Oxygen-sensitive probes

o ) Photosensitizer
Implicit dosimetry )
photobleaching

Fluorescence spectroscopy

Concentration/distribution

Delayed fluorescence

Apoptosis
Necrosis
Cell death

Paraptosis

Autophagy

Blood flow
Biological response

Vascular damage

Blood vessel diameter

Immune modulation

Other indicator

NADH f{luorescence

Molecular biomarkers

Laser Doppler flowmetry

Laser Doppler imaging

Laser speckle imaging

Doppler OCT

Photoacoustic imaging

Optical coherence tomography
Spatial frequency domain imaging
Reflectance confocal microscopy
Molecular biomarkers

Fluorescence lifetime imaging

Direct dosimetry Singlet oxygen

Time-resolved luminescence

Concentration/distribution

Chemical probes

W 3 P s o B A O S AR T TR R
(OCT) DG BUgI & F' O, KOt R % e it 2
AR B AR B BRI B T I PDT 5 B 280, i it
KA R/ BT R R TE T 2D B TR, X
SERAR B (9 RAEE 73 B AR I A S S R BE X

20T B TE A i R % A R BEE TR S A HE Al
LAY O, RS D il A PRI 2 s R0 O, &
TR R G Ot WA <0, 100, B BEE N
30 pm) 7R E PR BB ARG T3 A/ BT B B A
RIS O, KO By 25 6] 23 B A, IF 0] 48
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Fig. 8 Clinical PDT treatment for different diseases
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Fig. 9 Monitoring dosimetric parameters for pre-, during-, and post-PDT
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Abstract

Significance

Photodynamic therapy (PDT) is an effective treatment modality for different types of cancer,

vascular-related diseases, and microbiological infections. PDT uses photosensitizer (PS), the light of a specific
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wavelength, and molecular oxygen to produce highly toxic reactive oxygen species (ROS), which causes cell death
via different mechanisms such as vessel constriction, immunological response, and cell damage by apoptosis,
autophagy, and necrosis pathways. Fundamental studies of PDT suggest that ROS yield can be affected by various
factors such as transportation efficiency and tumor-targeting ability of PSs, illumination strategy of excitation
sources, oxygen supply or dependence of the ROS-generation process, and combination with other therapeutic
methods, hence directly determining the therapeutic efficacy. Additionally, the relationship between treatment dose
and PDT efficacy is still under investigation. The evaluation for PDT indirectly but considerably affects the PDT
efficacy by accurately monitoring dosimetric parameters of PDT, which is followed by efficiently regulating and
upgrading the therapeutic scheme. In this study, the recent advances in PSs, light sources, tissue oxygenation,
synergistic treatment, and dosimetry for improving the clinical PDT efficacy are summarized.

Progress Several novel PSs such as Cg , black phosphorus, graphene quantum dots, and PSs with aggregation-
induced emission, have been developed to improve the quantum yield of 'O,. The delivery efficiency of PSs has been
improved by different PS delivery strategies and the tumor-microenvironment-responsive release scheme. PS
absorption has been enhanced by organelle targeting and photochemical internalization, and PS hypoxia resistance has
been resolved through loading with oxygen carriers or oxygen-generating reactants. Further, PS development with
the synergistic therapeutic function will be used to enhance PDT efficacy.

As for PDT excitation sources, solar light, broad-spectrum lamps, lasers, light-emitting diodes (LEDs), X-ray
sources, ultrasonic sources, and in vivo self-excited light sources capable of bioluminescence, chemiluminescence
and Cherenkov light, have been widely studied. LEDs and lasers are the most popular light sources in clinical
practice. Particularly, wearable, implantable, and disposable PDT light sources have progressed significantly
because of the development of inorganic LED arrays, flexible LEDs, and wireless-driven LEDs. Further, in vivo
self-excited light source has been studied to eliminate the absorption and scattering of light by biological tissues.
Additionally, new illumination schemes of light fractionation and metronomic PDTs have been proposed to ensure
oxygen supply during PDT treatment.

Oxygen carriers with high oxygen storage capacity or the chemical reaction substance can be delivered to the
target lesion for in situ oxygen generation, which is the most popular method of enhancing oxygen supply for PDT.
Additionally, hypoxia-activated linkers or prodrugs have been used to compensate for the low efficacy caused by
hypoxia. However, reducing oxygen consumption during PDT can be achieved by limiting certain oxygen-consuming
intracellular chemical reactions or reducing oxygen dependence using types [ or [ PDT.

To improve the therapeutic efficacy, PDT has been combined with clinical surgery, radiotherapy,
chemotherapy, photothermal therapy, sonodynamic therapy, magnetic hyperthermia, and immunotherapy. Three or
more modes for synergistic treatment with PDT have been presented. Further, simultaneously employing two PSs
targeting different subcellular organelle is also employed to improve PDT efficacy.

Advanced optical imaging techniques such as hyperspectral imaging, Doppler optical coherence tomography,
photoacoustic imaging measurement, and 'O, luminescence imaging have been used successfully to monitor the
dosimetric parameters from the original single-point/point-by-point signal acquisition to 2D imaging. The
development of the detector has significantly improved the sensitivity, resolution, field of view, and speed of the
optical imaging system. For example, the spatiotemporal detection of 'O, luminescence can be accomplished by
combining time-resolved scanning imaging and steady-state wide-field imaging.

Clinical applications of PDT are primarily used for tumor-, vascular-, and microbial-targeting treatments.
Vascular-targeting PDT has been successfully demonstrated for treating vascular-related diseases such as age-related
macular degeneration and port-wine stain. Additionally, PDT is effective against bacteria, viruses, and fungi in
clinical applications.

Conclusions and Prospects Despite its clinical effectiveness, PDT is currently underutilized because of the non-
fully satisfied and expensive PS, unclear dose-efficiency relationship, and difficulties in translating proof-of-principle
research. To further improve PDT efficacy, ongoing research is being pursued to develop the multifunctional nano-
PS, wearable LED and self-excited light sources, and the spatiotemporal multimodal optical imaging platform for
monitoring and optimizing dosimetric parameters for pre-, during-, and post-PDT.

Key words  biotechnology; photodynamic therapy; photosensitizer; light source; oxygen content; synergistic
treatment; dose; clinical applications
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