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Photodynamic therapy (PDT) offers a safer alternative to surgery, chemotherapy,

in tumor cells and, upon specific-wavelength light activation, generate singlet
oxygen that oxidizes DNA, inducing apoptosis and activating the STING pathway
for antitumor M1 macrophage polarization. Originating from Oskar Raab's 1900
discovery with eosin, PDT advanced in the 1970s via hematoporphyrin derivatives,
despite issues like skin photosensitivity. Improved second-generation PS, such as
chlorin 6 and pheophorbide a from chlorophyll, provide better absorbance at 664
nm for deeper tumors and efficacy against colorectal cancer, melanoma, and
glioblastoma. Phthalocyanines and curcumin conjugates show further promise.
Polymer delivery systems like PVP enhance bioavailability, prevent aggregation,
boost light absorption, and target tumors selectively, reducing side effects. This
review synthesizes PDT's mechanisms, evolution, and delivery innovations,
underscoring its potential in oncology.
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1. Introduction

Cancer is treated in different ways depending on the type and severity. The most radical method of cancer
treatment is surgical removal of the tumor, which is not always possible or necessary. Other therapies are used
instead of or together with surgery, the main ones being chemotherapy and radiotherapy. Recently, however,
scientists have become interested in an alternative treatment option — photodynamic therapy (PDT).

PDT is a promising area of cancer treatment in which specific drugs (photosensitizers, PS) are injected into the
body intravenously, orally, or locally (depending on the type of cancer). These substances are then accumulated
in the tissues affected by the tumor. To activate the PS, these tissues are illuminated with light of a certain
wavelength (depends on the type of PS). The main advantage of modern PDT is its higher safety for patients
compared to chemotherapy and ionizing radiation therapy because modern PS accumulate mainly in cancer
cells and remain inactive until illumination.

2. Mechanism of Action of Photosensitizers

Generally, PS transfers the absorbed light energy to oxygen molecules, which switch from the ground energy
state to the excited state (from triplet oxygen to singlet oxygen). The oxygen molecules activated in this way
oxidize the DNA of the cancer cell. Oxidative DNA damage leads to apoptosis [1].

This work is licensed under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/) that allows others @ @
to share and adapt the material for any purpose (even commercially), in any medium with an acknowledgement of the work's authorship
and initial publication in this journal.
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In addition, DNA fragments produced via oxidative DNA damage can activate the STING (Stimulator of
Interferon Genes) protein, Figure 1. That results in the activation of downstream nuclear factor kappa-B (NF-
kB), which promotes the expression of inducible nitric acid synthase (iNOS), guanylate binding protein 5
(GBPS5), major histocompatibility complex-II (MHC-II), CD80, and CD86. All of these molecules are
biomarkers of the M1 macrophage, polarizing macrophages into the antitumor M1 phenotype. Autophagy
becomes an immune response to cancer [2].
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Figure 1. Activation of STING pathway [2]
3. Photosensitizing Drugs: History and Modernity

The concept of PDT has been known to scientists for a relatively long time. In 1900, German medical student
Oskar Raab discovered that fluorescent dyes, such as eosin, Figure 2, cause the death of certain microorganisms
(e.g., paramecia) in the presence of light, while in the dark they remain harmless [3]. Soon after this discovery,
it was realized that such an effect was only observed in the presence of oxygen, and the first attempts were made
to use the new phenomenon, called ‘photodynamic action’, for the therapy of superficial skin cancer [4].
However, due to the two world wars that followed, these experiments were interrupted, and the development of
PDT did not continue until the 1970s.

Figure 2. Chemical structure of eosin K

In 1972, American researchers Ivan Diamond et al. published a paper in which they described the destruction
of glioma cells transplanted into rats by the action of hematoporphyrin, Figure 3, irradiated with light [5]. In the
absence of light, hematoporphyrin showed no antitumor activity.
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Figure 3. Hematoporphyrin chemical structure

American scientist Thomas Dougherty and his colleagues continued work in this direction and showed that PDT
with hematoporphyrin derivative irradiated with light with a wavelength of more than 600 nm, can be used not
only for superficial cancer [6]. The same authors showed that the energy required to achieve PDT with
hematoporphyrin derivative as a PS of the same efficacy as ionizing radiation therapy is 100 times higher than
for ionizing radiation therapy [7]. In addition to low energy efficiency, hematoporphyrin derivative (first-
generation PS) has other disadvantages. For instance, a side effect of this drug is increased photosensitivity of
patients' skin, which can last for weeks or even months [8]. Moreover, the main target of the hematoporphyrin
derivative is the tumor vasculature, which both increases hypoxia, leading to resistance to radiotherapy and
further PDT, and increases the risk of cancer recurrence [9], [10].

The second-generation photosensitizer, chlorin e6, Figure 4, which can be obtained from chlorophyll a in a
relatively simple two-step synthesis [11], has several advantages over the hematoporphyrin derivative. Its molar
absorbance in the visible region of the spectrum is higher, Figure 5, which indicates greater photodynamic
activity, the absorbance maximum of chlorin e6 corresponds to a wavelength of 664 nm (for the
hematoporphyrin derivative it is 630 nm), so the greater penetrating ability of such light allows us to talk about
the possibility of using chlorin e6 for therapy of cancer of deeper localization [12].
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Figure 4. Chlorin e6 chemical structure
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Figure 5. UV/vis spectra of hematoporphyrin derivative, A, and mono-L-aspartyl chlorin 6, B

Even though hematoporphyrin derivative is currently actively used in clinical PDT, chlorin e6 and its derivatives
are increasingly attracting the attention of researchers showing activity against colorectal cancer cell lines
SW480, HCT116, LoVo, and DLD1 [13], [14], melanomas A375, B16F10 [11], [15]. They have already been
introduced into clinical practice in Japan [16], Russia, and Belarus [17].

Another chlorophyll derivative, pheophorbide a, Figure 6, can also be considered as a promising PS with proven

activity, e.g., against glioblastoma [18]. The synthesis of pheophorbide a from chlorophyll a is also relatively
easy and involves two steps [19].
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Figure 6. Pheophorbide, a chemical structure

Based on some results, it can be said that chelates of phthalocyanines with metal ions can also be considered as
promising PSs. For example, the anti-cancer activity of disulfonated zinc phthalocyanine, in PDT at different
partial pressures of oxygen was investigated in vitro , as seen in Figure 6 [20].
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A significant advantage of phthalocyanines is that they are a long-known class of organic compounds for which
synthesis methods are well understood [21]. However, they have previously been used as dyes [22].

Figure 7. Disulfonated zinc phthalocyanine chemical structure

A number of promising chemotherapeutic agents of natural origin, such as curcumin and its derivatives, can
also be considered as PSs, as seen in Figures 8 and 9 [23]. Moreover, conjugates of curcumin with the more
typical PS chlorin e6, which have enhanced photodynamic activity, have been obtained [24].
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Figure 8. Chemical structure of curcumin (enolic form)
HO OH
0NN N0
CH, 0 O CH,

Figure 9. Chemical structure of curcumin (keto form)

4. Drug Delivery Systems for Photosensitizers

Polymers are often used as drug delivery systems for PS. The main aim of their usage is to increase the
bioavailability and efficacy of PS towards cancer cells and to reduce side effects, such as photosensitivity of the
skin after tumor treatment, caused by the binding of the drug to healthy tissue due to its high affinity to cell
membranes [25]. One of the most suitable polymers for this purpose is PVP, a safe water-soluble polymer
widely used in medicine, as presented in Figure 10.
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PVP forms stable complexes with chlorin €6, which facilitate the binding of chlorin e6 to very low-density
lipoproteins (VLDL) and thus selectively target the drug to cancer cells [26].

N O

n
Figure 10. PVP chemical structure

Moreover, PVP enhances the efficacy of photodynamic therapy [27] by increasing the absorbance of red light
by chlorin €6, presented in Figure 11. This is because PVP prevents aggregation of chlorin €6 molecules, which
reduces its ability to absorb light [28].
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Figure 11. b — Absorbance spectra of 5 mM chlorin €6 (1) and complexes of chlorin ¢6 with PVP in the visible
region (2 —0.09 mM PVP, 3 — 0.9 mM PVP, 4 -9 mM PVP, 5—90 mM PVP, 6 — 450 mM PVP, 7 - 900 mM

PVP). d — Dependence of absorbance at a wavelength of 665 nm on PVP concentration [27]
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Cross-linked polymer hydrogels, such as poly(N-isopropylacrylamide) hydrogel as a carrier for protoporphyrin
IX, pheophorbide a, and protoporphyrin IX, can be used as promising delivery systems for PSs dimethyl ester,
which showed good bioavailability and photodynamic activity [29].

5. Conclusion

In this review article, basic concepts concerning photodynamic therapy of malignant tumors are formulated,
mechanisms of action of photosensitizers — initiation of cancer cell apoptosis and activation of immune system
are described based on literature sources, the history of discovery of photosensitizing effect is briefly
considered, advantages and disadvantages of photosensitizers used in clinical practice are characterized, and
some promising photosensitizers are listed. In addition, initial information on polymers as delivery systems
that increase the bioavailability of photosensitizing agents and their activity is given.
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