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Abstract: On average, there are about 300,000 new cases of brain cancer each year. Studies have
shown that brain and central nervous system tumors are among the top ten causes of death. Due to
the extent of this problem and the percentage of patients suffering from brain tumors, innovative
therapeutic treatment methods are constantly being sought. One such innovative therapeutic method
is photodynamic therapy (PDT). Photodynamic therapy is an alternative and unique technique widely
used in dermatology and other fields of medicine for the treatment of oncological and nononcological
lesions. Photodynamic therapy consists of the destruction of cancer cells and inducing inflammatory
changes by using laser light of a specific wavelength in combination with the application of a
photosensitizer. The most commonly used photosensitizers include 5-aminolevulinic acid for the
enzymatic generation of protoporphyrin IX, Temoporfin—THPC, Photofrin, Hypericin and Talaporfin.
This paper reviews the photosensitizers commonly used in photodynamic therapy for brain tumors.
An overview of all three generations of photosensitizers is presented. Along with an indication
of the limitations of the treatment of brain tumors, intraoperative photodynamic therapy and its
possibilities are described as an alternative therapeutic method.

Keywords: brain cancers; photodynamic therapy; molecular targeted therapies; photosensitizers

1. Introduction

According to Global Cancer Statistics 2020, 308,102 new cases of brain and central
nervous system cancer have been diagnosed worldwide [1]. Studies have shown that brain
and central nervous system tumors are among the top ten causes of death. Due to the
scale of this problem and the percentage of patients suffering from brain tumors (especially
glioblastoma), new innovative therapeutic methods are constantly being sought [2]. The
most common brain tumors are gliomas, which account for about 78% of all brain tumors.
In addition, they are the most common primary malignant tumors of the central nervous
system [3]. According to the classification of the World Health Organization (WHO),
gliomas are classified on a scale from I to IV depending on the degree of malignancy.
Grade I and II gliomas are considered low-grade tumors, which include astrocytomas
and oligodendrogliomas. Grade IIl and IV gliomas are high-grade malignancies, which
include anaplastic astrocytomas and glioblastomas [4]. A small proportion of gliomas
are caused by congenital disorders such as neurofibromatosis or tuberous sclerosis [5].
Although they are relatively rare, they are all characterized by rapid growth, angiogenesis
and infiltration into adjacent tissues, which significantly hinders the complete resection of
the tumor [6]. In the brain, the blood-brain and blood-tumor barriers limit the possibility of
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metastasis, but at the same time significantly hinder the treatment of these tumors. The basic
therapeutic variants of this type of cancer are surgical resection, adjuvant radiotherapy and
chemotherapy. Malignant gliomas are characterized by a large central necrosis surrounded
by a group of invasive cells that migrate beyond therapeutic margins and contribute to
tumor recurrence [7]. Recurrence of the disease is very common and occurs in almost
90% of patients [8]. Therefore, new therapeutic variants of brain tumors are still being
sought [9].

Photodynamic therapy (PDT) is one of the alternative methods of treating various
types of cancer [10] including brain tumors [11,12] and other diseases (i.e., inflamma-
tion [13], bacterial infections [14] and dermatological diseases [15]). A significant increase
in the widespread use of PDT occurred at the beginning of the 21st century [16]. The basis
of the action of PDT is an interaction of three substrates: a photosensitizer (PS), oxygen and
light [17]. Photosensitizers are excited to a higher energy level by absorption of a photon
and subsequently form a relatively long-lived triplet state. The triplet state can either
transfer energy to triplet oxygen forming singlet oxygen (Type II) or initiate the generation
of other free radical reactive oxygen species (ROS) (Type I) [18] (Figure 1).

hv . ISC
3PS =m=p-1PS"=mp- 3pS*

/ N\

Type | Type I

3PS* 302 — 102
}°:

ROS

Figure 1. Scheme of Type I and Type II reaction pathways that occur during photodynamic therapy.

In photodynamic therapy, two pathways of cytotoxic ROS product generation respon-
sible for the destruction of cancer cells are distinguished [19]. In Type I, when the PS is
irradiated, the ground-state PS (°PS) absorbs energy and is converted to a singlet state
(1PS*, *-excited state). Through intersystem crossing (ISC), the excited state (PS*) can
relax to the triplet-state (*PS*) manifold [20]. Thus, the PS in the triplet state (*PS*) can
undergo electron transfer with substrates, i.e., oxygen. The reactive oxygen species (ROS)
produced include hydrogen peroxide, superoxide anions and hydroxyl radicals, which
cause specific cellular damage and contribute to radical reactions [21,22]. On the other
hand, in a Type II process, the energy from the PS triplet (*PS*) is transferred to triplet
oxygen (30,), forming cytotoxic singlet oxygen (1O,). This type of oxygen specifically
interacts with various components of the cell, initiating cell death [23]. Both Type I and
Type II processes can occur simultaneously with one process dominating depending on
the type of photosensitizer and its concentration. Therefore, the purpose of this review is
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to characterize the most commonly applied and used photosensitizers in photodynamic
therapy for the treatment of brain tumors.

2. Materials and Methods

A search that focused on the types of photosensitizers used in photodynamic ther-
apy for the treatment of brain cancers was conducted by using articles from PubMed,
ScienceDirect, Web of Science and Google Scholar from 1990 to June 2023. The search
term included the phrase “photosensitizers in photodynamic therapy of brain cancer”.
The authors of this review worked on the basis of an agreed scheme, selecting articles
based on their title, language, abstract and access. Duplicate records were removed. This
review was conducted based on the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [24]. Full-text and accessible articles were reviewed.
In order to minimize the selection bias, the inclusion and exclusion criteria (Table 1) were
established as follows:

Table 1. Inclusion and exclusion criteria for review.

Inclusion

The analyzed cases were brain tumors

Both in vivo and in vitro studies were included

Both review articles and research articles were included

Studies in which the research groups were adult patients were included in this review

This review included papers in which such photosensitizers were characterized as 5-ALA,
Temoporfin, Photofrin, Hypericin or Talaporfin

Recent papers describing other types of photosensitizers and third-generation photosensitizers
were also included

Exclusion

Articles in a language other than English or Polish

PDT for other types of cancer

Studies that used chemotherapy in combination with PDT were excluded

Studies in which magnetic resonance imaging, computed tomography or other tools were used
for diagnostics were also excluded

Studies conducted on pregnant women or children

Analysis of the immune and anti-inflammatory response after PDT

This review included only cases with brain tumors in which both in vivo and in vitro
studies were qualified. Both review and research articles were included, and this review
included studies with adult patients. This review included papers that characterized such
photosensitizers as 5-ALA, Temoporfin, Photofrin, Hypericin or Talaporfin, with the latest
works describing other types of photosensitizers; additionally, photosensitizers of the third
generation were also included. The following were excluded from this review: papers
written in a language other than English or Polish; articles presenting PDT for other types
of cancer; studies using chemotherapy in combination with PDT; studies using magnetic
resonance imaging, computed tomography or other tools; and studies on pregnant women
and children. Figure 2 shows PRISMA flow diagram of the studies included.
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Figure 2. PRISMA flow diagram of the studies included.

3. A Review of the Literature
3.1. Application of Photodynamic Therapy

Photodynamic therapy is one of the therapeutic methods used to treat brain tumors.
Due to its low invasiveness and effectiveness with other diseases, it is also more and
more often practiced in the treatment of neurological diseases, including brain tumors [25].
The main principle of PDT operation is the application of a photosensitizer (in various
forms) and then exposure to laser light (hv), in which the wavelength is correlated with the
photosensitizer used [26]. Under the influence of light, the photosensitizer changes from
the ground state to the excited singlet state (PS*), which is converted to the excited triplet
state (°PS*) by intersystem crossing (ISC). The described transition generates two types of
reactions [27]. In a Type I reaction, the photosensitizer in an excited state interacts with fatty
acids found in the lipids of cell membranes [28]. Then, an electron or a proton is transferred,
resulting in the formation of organic radicals. Combined with cellular oxygen, they can
generate reactive oxygen species (ROS) [29]. In turn, the Type Il reaction consists of energy
transfer, which in turn leads to the formation of singlet oxygen (10,) [30]. Both types of
reactions can occur simultaneously. Their severity depends on the type of photosensitizer
used, its dose and physical and chemical properties. As a result of both types of reactions,
the cancer cells are destroyed in the treated tumor area [31].

The method of application of the therapy (both the photosensitizer and the method
of delivering the light) varies and depends on the type of disease [32]. In dermatological
cases (all kinds of skin inflammatory changes, cancer or other diseases), the photosensitizer
is applied topically to the skin [33]. Laser light is also delivered locally and centrally to
the lesions.
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In dermatological cases, the most commonly used photosensitizer is 5-ALA and methyl
aminolevulinate (MAL) [34]. When applying 5-ALA, lasers with a wavelength of 630-650 nm
are used. In the case of MAL applications, red light in the range of 570-670 nm is applied [35].

In the case of brain tumors, one of the newest therapies is intraoperative photodynamic
therapy [36].

3.2. Photosensitizer
3.2.1. 5-Aminolevulinic Acid

5-aminolevulinic acid (5-ALA) is the precursor of the photosensitizing compound
protoporphyrin IX (PpIX). Cells generate PpIX from 5-ALA through the heme biosynthetic
pathway. The use of 5-ALA allows for selective tumor targeting due to the intracellular
metabolism of this compound [37]. The exact reasons for this phenomenon are unknown;
however, it is believed that PplIX is selectively accumulated in cancer cells due to the
specific regulation of their heme enzymes [38—41]. This feature made 5-ALA a new standard
in the surgical treatment of malignant gliomas. In addition, the high tumor selectivity
of fluorescent PpIX accumulation enables intraoperative fluorescence guidance that is
unaffected by brain displacement. Thanks to this, the complete neurosurgical resection of
the growing tumor is simpler, which improves the prognosis of patients [42,43]. The only
undesirable effect of this action is minimal skin sensitization caused by the administration
of 5-ALA [43].

Surgical resection guided by photosensitizer fluorescence followed by photodynamic
therapy (PDT) has been observed to prolong the mean survival in patients with glioblas-
toma [44]. In addition, in vivo studies have confirmed that 5-ALA-PDT can be an effective
method of treating gliomas by inhibiting tumor growth [45]. Light irradiation (635 nm) of
malignant glioma cells containing PpIX after pretreatment with 5-ALA causes their death
by various pathways, including apoptosis and necrosis [45-48]. The basic mechanism of
cell death induced by 5-ALA-PDT in glioblastoma cells has not been fully elucidated and is
still a subject of controversy [45,49]. Some studies suggest that 5-ALA-PDT intensifies cell
necrosis, which may result from the destruction of tumor microvessels [45,46]. Others claim
that this therapy induces massive apoptosis by direct activation of the mitochondrial path-
way, disruption of mitochondrial membrane potential function and release of cytochrome
c. These findings suggest that 5-ALA-PDT is a promising therapy for the treatment of
apoptosis-resistant malignant gliomas [49]. Glioblastoma cell death was common due to
necrosis when assessed 18 h after PDT. PDT combined with 5-ALA promotes the death
of necrotic cells, and is dose-dependent [49,50]. Another 5-ALA-PDT study showed large
areas of central tumor necrosis, although clusters of viable tumor cells were often located
on its periphery [51]. It has been demonstrated that the inhibition of the nuclear factor
NEF-«B increases the death of glioma cells in response to 5-ALA-PDT, which makes the
tumor more sensitive to therapy [52].

The results of another study indicated that PDT repeated at relatively long intervals
(weeks) was more effective in inhibiting the growth of brain tumor spheroids than daily
fractionated PDT or a single treatment. Preliminary evidence for the increased efficacy of
repetitive PDT and low-frequency fluency treatment has been reported [53]. Another study
showed that although treatment with a low fluence rate was better tolerated, 5-ALA-PDT
induced more severe tumor necrosis when using fractionated delivery at a high fluence
rate [54]. Due to the discrepancy in results, further research is needed to determine the
most effective 5-ALA-PDT dose. This therapy can be used in the treatment of resistant
malignant gliomas as it has the ability to eliminate the stem cells responsible for tumor
insensitivity to radio and chemotherapy [55]. 5-Aminolevulinic acid-PDT has been shown
to sensitize human glioblastoma cells to RIP3 (Receptor-Interacting Protein 3)-dependent
cell death [56]. Putting the patient into hypothermia for the duration of the procedure
seems to be potentially important when conducting photodynamic therapy with the use
of 5-ALA. Studies on rats subjected to mild hypothermia showed a five-fold increase in
PpIX fluorescence in tumors, as well as almost complete cellular protection in normal brain
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structures [57]. In the case of 5-ALA-PDT therapy for meningioma, it was observed that
ciprofloxacin and a longer incubation time of 5-ALA significantly increased the cytotoxic
effect of PDT. Since this antibiotic is a widely used agent with good tissue penetration,
low toxicity and a favorable risk profile, it is important to undertake further research [58].
Standalone interstitial photodynamic therapy (iPDT) (i.e., without combined craniotomy
and intrahilar PDT) in the treatment of brain tumors with the use of 5-ALA seems to be
the best option in terms of side effect control as it avoids the occurrence of permanent
neurological deficits while reducing the risk of hemorrhage and sepsis [59].

5-Aminolevulinic acid administration resulted in a 2.5-fold increase in PpIX accumula-
tion in the cerebral cortex of mice compared to untreated mice. A histological examination
showed damage to some neurons and cortical vessels. 5-Aminolevulinic acid-PDT se-
lectively changes the expression of the proteins involved in the epigenetic regulation of
transcription, histone modification, DNA repair, nuclear protein import and proliferation,
which indicates the presence of epigenetic markers of photooxidative damage to normal
brain tissue [60]. 5-Aminolevulinic acid-mediated PDT has been shown to be safe at doses
of 90 mg/kg or less followed by 100 J/cm? light irradiation in rat brains. It was observed
that a dose above this threshold led to irreversible damage to regions of the blood-brain
barrier (BBB) and the brain itself. In healthy rat brain tissue, neurological signs developed
after the administration of 5-ALA at a dose of 240 or 120 mg/kg with concomitant irradi-
ation of 100 or 400 J/cm?. Breakdown (BBB) occurred at 90 mg/kg and 100 J/cm?. The
number of neurons decreased at the dose of 200 mg/kg and 400 ] /cm?, respectively [61].
Fluorescence microscopy of frozen rat brain tumor tissue sections showed that the photo-
sensitizer content was limited and variable in the tumor tissue entering the normal brain.
5-Aminolevulinic acid-PDT with high doses of light caused significant damage to both the
tumor and normal brain tissue [62].

It has been shown that the activity of the 5-ATP-binding cassette transporter ABCG2
may affect the effectiveness of PDT by regulating the accumulation of porphyrins in cancer
cells. In response to the photoreaction of porphyrins leading to oxidative stress, the nuclear
factor erythroid-derived 2-related transcription factor can transcriptionally increase the
level of ABCG2 [63]. Glioblastoma cells with high ABCG2 expression accumulate less pho-
tosensitizers and require higher doses of light for elimination. Elevated levels of ABCG2 in
doxycycline-induced sU251MG-V glioblastoma cells led to a reduced accumulation of PpIX,
and higher doses of light were required to reduce cell viability. By inhibiting the ABCG2
transporter with the effective and nontoxic ABCG2 inhibitor KO143, the accumulation of
PpIX and the effectiveness of PDT could be significantly increased [64]. The inhibition of
ABCG2, e.g., through a strong ABCG2-inhibitor gefitinib, restores the full susceptibility
of cancer cells to photodynamic treatment [64,65]. Nitric oxide (NO) has been found to
play a key role in various manifestations of the increased aggressiveness exhibited by
5-ALA-PDT-resistant cells. Studies have shown that endogenous NO in various mouse
tumor models significantly reduces the effectiveness of PDT. Nitric oxide produced by pho-
tostressed cancer cells may induce anti-PDT effects, as well as intensify their proliferation
and migration [66].

3.2.2. Temoporfin—THPC

Temoporfin (5,10,15,20-tetra(m-hydroxyphenyl)chlorin) is the active ingredient of
Foscan®, which is authorized in the EU for photodynamic therapy of head and neck
squamous cell carcinoma (HNSCC) [67-69]. This compound seems to be the most promis-
ing photosensitizer in the treatment of brain tumors [70,71]. Since Temoporfin causes
complaints associated with high photosensitivity of the skin, in order to avoid them, an
intratumoral route of administration of m-THPC was developed. A study showed that
intratumoral administration of the drug has comparable results to the systemic route in
terms of intracellular uptake efficiency and the tumor-to-normal-tissue ratio, with the
advantage of a much shorter time to reach the optimal intracellular concentration (four
hours after an injection of m-THPC) [70]. Preliminary studies have confirmed that bPDT
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using m-THPC can kill Grade 4 astrocytoma cells transfected with luciferase in vitro [72].
Research was also undertaken on the combination of m-THPC with gold nanoparticles
(AuNPs), and it was observed that under the influence of laser radiation of the PDT/PTT
combination, phototoxicity was twice as high as compared to treatment with only PDT or
only PTT [73].

3.2.3. Photofrin

Photofrin® is a photosensitizing compound that is effective in the treatment of brain
tumors. It has been shown that low-dose subcytotoxic PDT with Photofrin® significantly in-
hibits the invasiveness of U87 and U25In glioblastoma cells [74]. Case studies of 112 patients
with malignant gliomas, metastatic brain tumors and meningiomas treated with Photofrin®
PDT were reviewed. The overall survival after PDT of 96 patients with epidural gliomas
was 42 weeks, and the 1- and 2-year survival was 40% and 22%, respectively. No significant
postoperative complications were observed in 75% of the patients. Photofrin®PDT was
found to be safe. It is assumed that higher doses of light than those used in the described
patients may provide better effectiveness of the therapy [75].

Photofrin®-PDT can shrink the tumor, especially at high light doses. It also has the
ability to induce VEGF expression in tumor-adjacent tissue (BAT). This is associated with
tumor recurrence; therefore, it is believed that PDT in combination with antiangiogenic
agents may be an effective strategy for the treatment of glioblastoma [76]. In a study
that measured the response of normal brain and U87 human glioma implanted in rat
brains to photodynamic therapy (PDT) by using Photofrin® as a photosensitizer, the U87
human brain tumor model and normal athymic rat brain were found to be sensitive to
PDT and Photofrin® with a dose-dependent optical response [77]. Photofrin®-PDT has
been shown to cause a transient increase in cell proliferation associated with the strong
activation of astrocytes and microglia in the treated region, without causing significant cell
death. The results of one of the studies indicate that subclinical photodynamic therapy
using Photofrin® locally changes brain homeostasis without significant disturbances in
the tissue architecture [78]. It has been observed that the use of Photofrin® encapsulated
in liposomes significantly increases photosensitizer uptake by the tumor, as well as its
destruction in relation to Photofrin® in dextrose. At the same time, there was no difference
in tissue destruction in the uninjured brain with or without the liposome carrier. The results
of this study suggest that the liposomal carrier enhances the therapeutic efficacy of PDT
in the treatment of 9L tumors [79,80]. Adjuvant repetitive PDT seems to provide local
control of metastatic brain cancers, with the best results obtained in lung cancer [81]. The
effectiveness of Photofrin®-PDT can be improved by administering buthionine sulfoximine,
which reduces the level of glutathione, which in turn is responsible for ROS inhibition [82].
Tamoxifen (TMX), a protein kinase C (PKC) inhibitor, increases the cytotoxicity of photo-
dynamic therapy (PDT) on human glioblastoma (U87) and (U25In) cells. U87 and U25In
glioblastoma cells were cultured and treated with Photofrin®-PDT as a photosensitizer.
Tamoxifen significantly increases the activity of Photofrin®-PDT on U87 and U25In human
glioblastoma cells [83].

Photofrin® (sodium porfimer) is a photosensitizer whose selective action results from
a high affinity to lipoproteins, increased activity of the LDL receptor in cancer tissue
and the absence or incompleteness of the lymphatic system in cancer tissue. This com-
pound achieves its cytotoxic effect by oxidizing cellular components such as mitochondrial
enzymes. In addition, Photofrin® causes the destruction of tumor capillaries, which accel-
erates the death of cancer cells. The observed side effects are skin symptoms, but they are
not severe [84].

3.2.4. Hypericin

Photodynamic therapy (PDT) with Hypericin (HY) is gaining more and more interest
as a potential treatment method for treating various tumors [85]. This compound shows
high phototoxicity against malignant cells and accumulates to a greater extent in glioblas-
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toma cells compared to neurons [86]. The incubation of cells for more than 3 h in a 100-fold
dilution of Hypericin solution is the most effective for PDT, and the use of a low-intensity
LED lamp leads to the highest rate of apoptosis [87]. Glioblastoma cells can be effectively
inactivated by HY-PDT after short-term incubation and exposure to low doses of light.
The results of the effect of HY-PDT on tumors are good and justify the further evaluation
of HY-PDT in the treatment of malignant glioma [86]. One study observed that, in the
short term, Hypericin-assisted PDT was not effective in large (greater than 1 cm3) tumors,
but treatment significantly slowed tumor growth for tumors smaller than 1 cm3. Thus,
it was found that PDT with Hypericin is effective in the treatment of remnants of small
tumors [85]. Hypericin-PDT has been shown to be a promising therapeutic approach in
the treatment of WHO IV glioblastoma [88]. In a study involving cell lines from patients
with head and neck cancer, differences in response to PDT showed no correlation with
photosensitizer uptake [89].

3.2.5. Talaporfin

Talaporfin is a chlorin-based photosensitizer used in photodynamic therapy (PDT).
The potential efficacy and safety of intraoperative photodynamic therapy (PDT) with
Talaporfin sodium and 664 nm semiconductor laser irradiation was investigated in patients
with primary malignant brain parenchymal tumors.

Cutaneous adverse reactions attributable to the administration of Talaporfin sodium
occurred in 7.4% of patients and included rash, blisters and erythema. Skin photosensitivity
test results were relatively mild and resolved completely within 15 days after photosen-
sitizer administration in all patients. It was found that intraoperative PDT with the use
of Talaporfin sodium and a semiconductor laser may be considered as a potentially effec-
tive and sufficiently safe option for the adjuvant treatment of primary malignant brain
parenchymal tumors. The inclusion of intraoperative PDT in the strategy of combined
treatment may have a positive effect on overall survival and local tumor control, especially
in patients with newly diagnosed glioblastomas (GBM) [90]. The safety and efficacy of
photodynamic therapy (PDT) with Talaporfin sodium was investigated in patients with sur-
gically unresectable malignant gliomas that invaded areas of the brain related to language
and motor functions. The subject of the study was another 14 adult patients with malig-
nant gliomas, in whom the invasion of eloquent brain areas was found with preoperative
imaging diagnostics. Of these, six patients had newly diagnosed tumors and eight patients
had recurrent tumors. None of the patients experienced adverse events directly related to
PDT. Light protection was only required for about 3 days after PDT. Photodynamic therapy
as an adjunct to surgical resection allowed for better therapeutic results than conventional
protocols, especially in patients with newly diagnosed malignant gliomas [91].

3.2.6. Other Photosensitizers

This section describes other photosensitizers used in research on the treatment of
brain tumors.

Carboranyl-containing chlorins have an affinity for tumors, low cytotoxicity under
dark conditions and a strong absorption in the red region of the optical spectrum. Tetrakis(p-
carboranylthio-tetrafluorophenyl)chlorin (TPFC) is a new synthetic chlorin containing high
boron carboranyl. In an in vitro PDT assay, the cell survival fraction after laser irradiation
(9]/cm?) was 0.035. [92].

The ruthenium-based photosensitizer TLD-1433 with apotransferrin (Rutherrin) was
tested in a rat glioblastoma model. In the case of Rutherrin, much lower absorbed en-
ergy was sufficient to achieve the LD50 compared to 5-ALA-PDT. This photosensitizer
provides a higher rate of specific uptake in tumors compared to the normal brain. After
a single treatment, a significant increase in survival was observed in glioblastoma rats
with Rutherrin-mediated PDT compared to PpIX. Rutherrin-PDT also showed an increased
infiltration of CD8* T cells into tumors. Rutherrin-PDT was well tolerated, providing safe
and effective treatment for RG-2 glioma [93].
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The effect of Tetrahydroporphyrin-tetratosylat (THPTS-PDT) in combination with ionizing
radiation (IR) on glioblastoma cells was investigated in vitro and in vivo. Tetrahydroporphyrin-
tetratosylat-PDT significantly reduced proliferation, metabolic activity and clonogenic sur-
vival and induced cell death mainly through apoptosis and autophagy. Tetrahydroporphyrin-
tetratosylat alone showed no toxicity without irradiation. This study demonstrated the effective
action of THPTS-PDT on glioblastoma cells, both in vitro and in vivo [94].

The use of PDT in the treatment of GBM was proposed by using chlor-aluminum
phthalocyanine (AICIPc) encapsulated in a new drug delivery system (DDS) designed as a
nanoemulsion (AICIPc/NE). Study results suggest that AICIPc/NE-PDT induces cell death
in U87 MG glioblastoma cells in a dose-dependent manner and therefore may serve as an
effective adjuvant therapy in malignant glioma. Chlor-aluminum phthalocyanine NE-PDT
uses a low dose of visible light and can be used in conjunction with other classic GBM
treatments, such as a combination of chemotherapy and surgery [95,96].

Photodithazine is a chlorin being evaluated for its effectiveness in PDT for glioblas-
tomas. In the analysis of experiments using PDZ, 100% cell death was found at various
concentrations of PDZ [97]. Glioblastoma cell viability assays 9 L/lacZ showed a reduction
in the number of viable cells after PDT using Photodithazine. Reactive oxygen species
production was dependent on the photosensitizer concentration. Photodithazine turned
out to be an interesting photosensitizer in the treatment of glioblastoma [98].

(35,45)-14-ethyl-9-(hydroxymethyl)-4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic
acid (ETPA) is the main metabolite of the North Pacific echinoderm Ophiura sarsii. As a
chlorin, ETPA efficiently generates singlet oxygen upon photoactivation with red light and
exhibits strong submicromolar phototoxicity against a panel of in vitro tumor cell lines. In
a mouse glioblastoma model, an intravenous injection of ETPA combined with targeted red
laser irradiation induced strong necrotic ablation of the brain tumor [99].

2-[1-hexylethyl]-2-devinylpyruvate alpha (HPPH or Photochlor) is a photosensitizer
being evaluated for use in the treatment of malignant gliomas with PDT. Twenty-four hours
after an injection of 0.5 mg/kg HPPH, the ratio of drug in the tumor to the brain ranged
from 5:1 to 15:1. Increased survival was observed in each of the groups of animals treated
with HPPH-PDT. These data suggest that HPPH may be a useful adjuvant in the treatment
of malignant gliomas [100].

Pheophorbide A (Ph-A), a photosensitizer of low dark toxicity, is activated by a Q-
switched acoustically neodymium-yttrium-argon (Nd:YAG) laser that achieves deep tissue
penetration. In vivo PDT studies using T9 glioma cells implanted in the dorsal region of
F344 rats showed tumor eradication in four out of six rats. The combination of PDT and
laser hyperthermia resulted in tumor eradication in all six rats. According to the study, the
combination of PDT and hyperthermia is a promising method of treating tumors [101].

The dye IR-780 (IR780) and tube-forming peptoids (PepIR) were synthesized and
self-assembled into crystalline nanotubes (PepIR nanotubes). PepIR nanotubes showed
excellent performance in PDT/PTT. In addition, the efficient loading of doxorubicin (DOX)
was achieved by the large surface area of the nanotubes and contributed to effective and
synergistic chemotherapy against glioblastoma cells. Due to the unique properties of
peptoids and peptoid nanotubes, the DOX-loaded multimodal PepIR nanotubes developed
in this work hold great promise for the future therapy of glioblastoma in the clinic [102].

The new promising photosensitizer PDT SIM01 was evaluated in an orthotopic C6
tumor model in rats by comparison with HPD and m-THPC. The optimal concentration
was found after 12 h for SIMO01, 24 h for HPD and 48 h for m-THPC. The most favorable
normal tissue/cancer ratio was found after 12 h for SIM01 and 48 h for HPD and m-THPC.
The average survival of rats treated 12 or 24 h after SIMO01 injection was significantly better
compared to the control, HPD- or m-THPC groups. The results of the study confirm that
SIMO1 is as effective as m-THPC but has much more favorable pharmacokinetics [103].

A new photosensitizer, ATX-510.Na(Il), has been investigated for possible use in
photodynamic therapy (PDT) for glioblastoma. Cytotoxicity was found to be dependent
on both drug concentration and laser energy. The concentration of ATX-510.Na(Il) in
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Fischer rat brain tumors peaked 2 h after administration, and the tumor/normal brain
concentration ratio was as high as 131 at 8 h. Intratumoral PDT for irradiated intracranial
tumors showed an antitumor effect without serious side effects [104].

ZnPcS4-BSA is a newly synthesized photosensitizer that has beneficial properties
against U251 glioblastoma cells. The results of a study indicate that the uptake of ZnPcS4-
BSA by tumor cells reaches its maximum after incubation for 4 h. This compound has no
significant effect on cell survival without light irradiation. After using a laser of 150 J/cm?,
it was found that cell inhibition indices increase with the concentration of ZnPcS4-BSA.
The rate of cell apoptosis after PDT was significantly higher than in the control group. At
the same time, after using PDT, the expression of VEGF in cancer cells increases 5.6 times.
Photodynamic therapy based on ZnPcS4-BSA can induce effective apoptosis [105,106].

Hydrophilic nanoparticles of polyethylene glycol (PEG)-chlorin e6 (Ce6) chelated
with a gadolinium ion (Gd3*) (PEG-Ce6-Gd NPs) were synthesized through the process of
chelation and self-assembly. Studies have shown the lack of toxicity of this compound to
cancer cells without irradiation and a significant reduction in the weight and size of mouse
brain tumors after laser irradiation. PEG-Ce6-Gd NPs have great potential in the diagnosis
and PDT treatment of gliomas [107].

To improve the effectiveness of GBM therapy, a new strategy for photosensitizer
delivery was developed by using ‘photo-controlled platelets.” It involves the use of platelets
as carriers of the photosensitizer to the tumor. In this study, a nanocomposite (BNPD-Ce6)
consisting of chlorin e6 (Ce6) loaded into boron nitride nanoparticles with a surface coating
of polyglycerol and doxorubicin was developed. In the study, mouse platelets were loaded
and BNPD-Ce6@Plt was obtained. Laser irradiation with a wavelength of 808 nm induced
ROS generation in BNPD-Ce6@P1t, which showed the rapid activation, aggregation and
release of BNPD-Ce6 into cocultured mouse GBM GL261 cells, which in turn showed
marked ROS generation, DNA damage with reduced cell viability and death. There was
no obvious tissue damage in the vital organs. The results of this study demonstrate that
platelets can act as effective carriers that deliver photosensitizers in a photo-controlled
manner in GBM therapy [108].

New compounds containing asymmetrically substituted phthalocyanines were synthe-
sized, including Zn(II)Pc1, which turned out to be a very efficient singlet oxygen generator
and a promising photosensitizer for PDT applications. Biodistribution studies revealed
that radiolabeled Zn(II)Pcl showed significant uptake in the brain, intestine, pancreas and
ovary. Hence, these Pcs derivatives could also be promising candidates for the nuclear
imaging of tumors [109].

A nanoprotein (Nanobody) was developed that binds to the extracellular side of the
viral G protein-coupled receptor US28, which is detected in glioblastomas. The nanoprotein
was coupled with the water-soluble photosensitizer IRDye700DX. This conjugate selectively
killed US28-expressing glioma cells in 2D and 3D cultures when irradiated with near-
infrared light. These data provide a new perspective on the use of this large family of
receptors for targeted therapies [110].

Significant cytotoxicity was observed in glioblastoma cells during the irradiation of LaF3:Tb
nanoparticles combined with the photosensitizer meso-tetra(4-carboxyphenyl)porphyrin (MTCP).
These particles are characterized by good dispersion in aqueous solutions and a high biocom-
patibility [111].

Porphyrazine derivatives (bp I-IV) showed accumulation in neuronal and glioblas-
toma cells, but their rates of internalization, subcellular localization and toxicity in the dark
differed significantly. Porphyrazine Il was the most promising photosensitizer. It effectively
killed glioblastoma cells while remaining nontoxic to primary neuronal cells [112]. Studies
have shown that the use of pz I-IV leads to a significant decrease in the main calcium
functional parameters of neuronal-glial networks and causes significant changes in the
characteristics of the network. The observed negative effects of pz I-IV intensified under
the influence of PDT. Considering the significant restructuring of the functional architecture
of neural-glial networks, which can lead to serious disorders of synaptic transmission and
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loss of brain function, as well as the possibility of the direct application of PDT based on
pz -1V in the therapy of brain tumors, it is highly controversial. Nevertheless, the unique
properties of pz I-1V retain a great prospect of their use in therapy for tumors of other
origins and cellular metabolism [113].

Ce6-AuNP-Lf is a potent phototherapeutic nanoconjugate that consists of gold nanopar-
ticles (AuNPs) and photosensitizers (PSs) prepared by disulfide conjugation between
chlorin e6 (Ce6) and glutathione-coated AuNPs. PEGylated lactoferrin (L{-PEG) was in-
corporated into the surface of AuNPs to allow for oral administration and targeting of the
nanoconjugate to glioblastoma multiforme (GBM) cells. The engineered nanoconjugates
significantly improved ROS generation, allowing sufficient PDT for this tumor. Thanks to
the conjugation of the nanoconjugate with Lf, effective targeting of the agent to tumor cells
was achieved. These results suggest that Ce6-AuNP-Lf is a potent phototherapeutic GBM
nanoconjugate that can be administered orally [114]. Table 2 presents a summary of the
most commonly used photosensitizers in PDT in the treatment of brain tumors.

3.3. Third Generation Photosensitizers

Third-generation photosensitizers are innovative composites, functionalized nanos-
tructures and technologies that enable more effective drug delivery to neoplastic le-
sions [115]. Currently, there are many possibilities to create these types of photosensitizers,
and the list of strategies for developing newer constructs is constantly expanding.

Third-generation photosensitizers are the synthesis of second-generation photosensi-
tizers with groups such as peptides, antibodies, carbohydrates and amino acids. Another
example is the creation of a carrier, e.g., in the form of micelles or liposomes as a transport
medium for the applied photosensitizer. Mfouo-Tynga et al. [115] reviewed the most impor-
tant features of third-generation photosensitizers in PDT. The most common components
that combine with photosensitizers are monoclonal antibodies [116], saccharides [117],
nanoparticles [118], hyaluronic acid [119], liposomes [120], polymer micelles as well as
small molecules and inhibitors [115].

Third-generation photosensitizers are being tested in both clinical and preclinical trials.
Their characteristic feature is that they have increased selectivity for cancer cells [121].
Currently, there are many documented studies in which newly designed composites of
third-generation photosensitizers were used. Some published literature reports are pre-
sented below.

Ibarra et al. [122] in their study, evaluated the strategy of delivering polymer nanopar-
ticles on a monocyte carrier to improve the effectiveness of PDT in the treatment of glioblas-
toma. To this end, they used a carrier of human monocyte cells and mouse monocytes from
bone marrow as a composite for easier penetration. The results of the experiment were as
follows: No effect of polymer nanoparticles on monocyte viability in the absence of light
was observed. The effectiveness of the therapy carried out in vitro was higher with the
use of monocytes as a carrier compared to the therapy that used polymer nanostructures
without a carrier. The authors confirm that the use of monocytes as carriers for polymer
nanoparticles increases the effectiveness of PDT [122].
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Table 2. A summary of the most commonly used photosensitizers in PDT for the treatment of brain tumors.
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Caverzan et al. [123] in turn, evaluated the effect of PDT in combination with con-
jugated polymer nanoparticles on glioblastoma cells. The aim of the experiment was to
compare the PDT activity supported by polymer nanoparticles on three glioblastoma cell
lines with different initial contents of reactive oxygen species. Three human glioblastoma
cell lines (U-87 MG, M059K and T98G) of male origin were used in this study. Polymer
nanoparticles were developed by using a fluorescent semiconductor polymer. The cellular
uptake of polymer nanoparticles was assessed by flow cytometry. The results of the study
were as follows: cells from the T98G line were the most resistant to PDT treatment with
polymer nanoparticles in comparison to the cells from the MO59K line and from the U-87
MG line. The initial content of antioxidant enzymes is a key feature of glioblastoma cells.
Their association with polymer nanoparticles may be crucial to designing more effective
methods and therapies based on nanoparticles [123].

Another example of the use of third-generation photosensitizers is the research con-
ducted by Ibarra et al. [124]. The authors used conjugated polymer nanoparticles doped
with porphyrin to treat brain and colorectal cancer cells. The aim of this study was to
assess the biocompatibility of the PDT mechanism supported by porphyrin-doped polymer
nanoparticles on different cell lines (98G, SW480 and RAW 264.7). In the results of the
study, the authors confirmed that PDT was effective for all three cell lines. Oxidative stress
was observed, which in turn led to cell apoptosis [124].

The last literature report cited in the field of PDT supported by conjugated polymer
nanoparticles for the treatment of glioblastoma cells is the article by Caverzan et al. [125]
from 2023. In this experiment, the authors, starting in 2020, used three glioblastoma
cell lines and PDT coupled with polymer nanoparticles. In addition, the authors used
metronomic photodynamic therapy, which involves the administration of low-intensity
light for a long period of time. This is one of the alternative therapeutic methods that fills
the limitations of standard and commonly implemented PDT schemes. In the experiment,
the authors used different methods of irradiation in different fluence coefficient ranges.
The results of the experiment confirmed that metronomic photodynamic therapy initiated
the death of cancer cells already at very low concentrations of polymer nanoparticles. The
specificity of irradiation generated the so-called photokilling in all glioblastoma cell lines
initiating various mechanisms of cell death. This experiment provides information on
the development of advanced PDT concepts in conjunction with the application of lower
irradiance. The polymer nanoparticles used contribute to the inhibition of tumor growth
and initiate subsequent cell death pathways [125].

3.4. Limitations of Photosensitizers

One of the main limitations of photosensitizers (especially in brain tumors) is their
low solubility in water. As a consequence, photosensitizers have poor penetration and
permeability in tumor tissues and cells. According to Sun et al., photosensitizers of the first
and second generation have low effectiveness in the treatment of cancer cells, which makes
their accumulation in the tumor limited and less effective [126,127].

In addition, first-generation photosensitizers have a long half-life lasting from several
days to even several weeks [127]. Most of the photosensitizers used have an absorption
range of 400 to 700 nm. The penetration of this type of light in tissues is limited, resulting
in reduced effectiveness. Second-generation photosensitizers have better photostability
than first-generation photosensitizers. In addition, they absorb light of longer wavelengths,
which have the ability to penetrate deeper into tissue. According to Udrea et al. [127] the main
disadvantage of second-generation photosensitizers is their localization in cancer cells and
poor water solubility, which limits the intravenous application of these photosensitizers.

The solution to certain limitations and difficulties related to limited penetration or lack
of light delivery is the use of third-generation photosensitizers and composites or platforms
based on nanomedicine.
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3.5. Optical Characteristics of Photosensitizers

According to Ormond and Freeman, a good and effective photosensitizer should have
features such as a pure chemical composition (without unnecessary admixtures or fixatives),
easy to obtain from generally available precursors, a high quantum efficiency of singlet
oxygen, an absorption range in the range of 680-800 nm with a high extinction coefficient (e
max), characterized by effective accumulation in cancer cells and tissues, characterized by
low toxicity in the dark in the absence of light, easy to apply, well soluble in body fluids and
easily removed from the body [128]. With regard to the photosensitizers discussed herein,
5-ALA has an extinction coefficient of 5000 M~! cm~! and a singlet oxygen quantum yield
of 0.56. Temoporfin has an extinction coefficient of 35,000 M~! cm~! and a singlet oxygen
quantum yield of 0.87. Photofrin has an extinction coefficient of 3000 M~ cm~! and a
singlet oxygen quantum yield of 0.89. Talaporfin has an extinction coefficient of 40,000 M~*
cm~! and a singlet oxygen quantum yield of 0.77. Hypericin has an extinction coefficient
of 44,000 M~1 em~1 [128].

3.6. Irradiation Conditions

According to Quirk et al. [129] standardized guidelines for treatment protocols with
PDT are still lacking. The main parameters such as the dose, wavelength of laser light,
method of light delivery and selection of the appropriate photosensitizer depends on the
type and location of the disease. The selection of the parameters affects the effectiveness
of the treatment [129]. Initially, the light sources used were argon lasers. In turn, diode
lasers were introduced into clinical practice at the beginning of the 21st century. A few
years ago, light-emitting diodes (LEDs) were introduced to the treatment as an innovative
and, importantly, less expensive way of delivering light. Applied LEDs enable higher
light output and limited spectral characteristics. The problem of scattered light has been
solved by using appropriately dedicated optical fibers. Their cylindrical tips are ideal for
interstitial photodynamic therapy commonly used in the treatment of brain tumors. The
stereotactic distribution of fibers in brain tissue during PDT improves the treatment efficacy.
Another way of applying light is to use and encapsulate the light in a balloon, which is
filled with a diluted liquid photodistributor. This allows the light to be evenly distributed
over the entire surface of the balloon. Another way is to continuously irrigate the resection
area with a photodistributor. The main advantage of this method is the reduction in heat
generated during therapy. In addition, the reduction in plasma and blood accumulation in
the cavity enhances the light distribution during treatment.

Under in vitro conditions, providing light is much simpler compared to clinical trials.
For example, an in vitro study was described by Vilchez et al. [44] who treated human
glioblastoma cells. For the treatment of PDT, they irradiated the cells by using a monochro-
matic light source with a wavelength of 635 £ 17 nm. They used a system of LED diodes.
They monitored the irradiation intensity by using a power meter [44]. Another example
of in vitro research is the work of Kamoshima et al. [46]. They also used glioblastoma cell
lines. In their research, they used a diode laser with the following parameters: 635 &+ 5 nm,
5-100 mW /cm? and a total light dose of 2.5-50 ] /cm?. It is worth noting that all steps of
the PDT protocol were performed by the authors in dark conditions. In turn, Yi et al., who
conducted research on rats, used a helium-neon laser with a wavelength of 632.8 nm [45].
Hirschberg et al. [62] also conducted studies on rats that were immobilized in a stereotactic
frame. Quartz fiber was inserted through the incised skin directly interstitial into the brain.
The wavelength of the laser light was 632 nm. The irradiation time was 45 min or 90 min.
Kimura et al., also using a stereotactic frame, irradiated the right lateral skull of a rat
with LED light from a distance of 3 cm above the skull [61]. Fisher et al. delivered light
(635 nm wavelength and 24 ] energy) by using an isotropic emitter, which was inserted
1 mm below the dura mater in the upper part of the tumor [57]. On the other hand, in an
in vivo study in which tests were carried out on patients diagnosed with a brain tumor,
intraoperative PDT is more complicated compared to in vitro studies. An example of a
work is the work by Muller and Wilson. In order to diffuse light into the tumor cavity, an
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inflatable balloon was used which was filled with a diluted Intralipid. Thus, the surface of
the balloon was almost coplanar with the surface of the tumor. The liquid applied ensured
uniform irradiation over the entire surface of the balloon [75]. A similar study design was
conducted by Aziz et al. [81]. The light was applied to the excision site, which was filled
with a balloon. A diode laser with a wavelength of 630 nm was used. The first application
was carried out in the recovery room, and another one was carried out at the bedside in
the ward [81]. Muragaki et al. [90] in turn, conducted a study on treating patients with
malignant brain tumors with PDT. In their study, light was applied to the resection cavity
after tumor excision. A semiconductor laser with a wavelength of 664 nm and a diameter
of 1.5 cm was used. In particular, areas where metastasis or recurrence of the disease could
have occurred were taken into account, avoiding irradiation of the same area twice [90].
Akimoto et al. [91] used an optical navigation system and electrophysiological monitoring
to deliver the laser light, leaving the tumor bed area to be exposed to the laser light. The
treatment surface area was 1 cm?. In the experiment, they used a laser with a wavelength
of 664 nm, and the exposure time was 180 s [91].

3.7. Light-Delivery Systems

One of the innovative light-delivery systems are implantable devices that enable light
delivery during PDT. Another example of enhancing the effectiveness of therapy using
light sources is lasers in the near-infrared range, which allow tissue penetration up to 3 cm.
Thanks to this, the light reaches the interior tumor more precisely [130].

According to Cramer and Chen, the most preferred source of light in PDT is lasers
with a longer wavelength, which penetrates deeper into the tumor site, delivering photons
of sufficiently high energy to activate photosensitizer molecules. As mentioned earlier, PDT
typically uses lasers with wavelengths ranging from 400 to 900 nm, with the most common
range being 600-800 nm. The application of light can be continuous or pulsed. The latter
enables the oxygenation of the tumor at regular intervals [121].

According to Yoon et al. [131] in order for the light to be delivered precisely inside the
tumor, the light source must be delivered by using appropriate fiber optic devices. They
usually consist of quartz fibers with cylindrical tips. Another type is optical fibers with
a lens. These above-mentioned devices provide adequate dosimetry and high efficiency
with little damage to normal tissue [131]. In order to minimize damage to normal tissue, a
computer-controlled pulse delivery system is practiced while photosensitizers are applied
directly into the artery. Such combinations are practiced in cases of prostate cancer. For
brain tumors, near-infrared upconversion nanoparticles and bioluminescence are practiced.

The intraoperative treatment of brain tumors with PDT by using various photosen-
sitizers was initiated in the 1990s. The first photosensitizer used was Photofrin®. The
research group consisted of 56 patients with recurrent supratentorial gliomas [132]. These
were patients who had previously undergone ineffective radiotherapy. The results of the
experiment clearly indicated that patients who received intraoperative PDT treatment
lived longer than patients who received surgical treatment alone. In recent years, PDT
has established itself as a safe and selective method that extends and improves the quality
of life of patients with brain gliomas. Trials are currently underway to use metronomic
photodynamic therapy (a new strategy involving the use of lower doses of PDT, but over a
longer period of time) analogous to metronomic chemotherapy in the treatment of brain
tumors. Both methods are verified with molecular and clinical tests.

One of the latest studies on intraoperative photodynamic therapy is the work by
Vermandel et al. [133] in which the authors developed a pilot study in the field of intra-
operative PDT in combination with 5-ALA in the treatment of glioblastoma. The main
objective of the study was to evaluate the efficacy and safety of intraoperative PDT for the
treatment of glioblastomas. The results confirmed that this type of therapy in combination
with 5-ALA is effective, but it requires further evaluation and analysis, mainly with the
participation of a larger number of patients [133].
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Another example is the work by Hirschber et al. [134] in which the authors reviewed
the effect of intraoperative PDT on malignant brain tumor cells, both in vitro and in vivo.
The results confirmed that PDT repeated several times at long intervals is more effective
compared to the standard single treatment [134].

4. Limitations of this Study

The main limitation of this study is the risk of bias, including bias at the stage of
the selection of review and research articles and bias resulting from previously published
works. Another limitation was inconsistency and a lack of precision, which may have
resulted in shortcomings in the drafting of this review. In addition, the selection of only
some photosensitizers from the first and second generation (supplemented by the third
generation) is a certain limitation and narrows down the selection criteria.

5. Conclusions

Brain tumors are a specific group of oncological processes in which the location and
nature of the growth are of key importance for clinical symptoms and prognosis. The
surgical treatment of tumors of the nervous system, unlike other oncological processes,
usually cannot be carried out in accordance with the principle of oncological purity, i.e., the
removal of the proliferative process along with the margin of the surrounding tissues;
the very specific nature of the nervous tissue of the brain does not allow this. One of
the innovative methods of treating brain tumors is photodynamic therapy. This paper
presents an overview of the most commonly used photosensitizers in photodynamic ther-
apy for the treatment of brain tumors. The most commonly used photosensitizers include
5-aminolevulinic acid, Temoporfin—THPC, Photofrin®, Hypericin and Talaporfin. In turn,
third-generation photosensitizers are innovative composites, nanostructures and technolo-
gies that enable the more effective delivery of drugs to neoplastic lesions. Currently, there
are many possibilities to create this type of photosensitizer, and the list of development
strategies for newer and newer models is constantly expanding. There are many challenges
in treating tumors with PDT. One of them is the way of delivering light, limiting photosen-
sitizers and their removal from organisms. Based on this review, it can be concluded that
there are many solutions starting from the LEDs used to optical fibers and the nanoparticles
that facilitate the delivery of light to the inside of the tumor. The effectiveness of PDT is
high, but research is still underway to improve it. In order to improve the effectiveness
of PDT for the treatment of brain tumors, it is necessary to conduct further studies, both
in vitro and in vivo, which will enable the selection of an appropriate treatment protocol.

Author Contributions: Conceptualization, D.B.-A., PW,, K.D. and D.A.; methodology, D.B.-A., PW.,
K.D. and D.A,; validation, D.B.-A., PW., K.D. and D.A ; formal analysis, D.B.-A., PW., K.D. and
D.A.; resources, D.B.-A., PW,, K.D. and D.A.; writing—original draft preparation, D.B.-A., PW., K.D.
and D.A.; writing—review and editing, D.B.-A., PW., K.D. and D.A; visualization, D.B.-A., PW,,
K.D. and D.A; supervision, D.B.-A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data have been included.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Fan, Y, Zhang, X.; Gao, C.; Jiang, S.; Wu, H,; Liu, Z.; Dou, T. Burden and trends of brain and central nervous system cancer from
1990 to 2019 at the global, regional, and country levels. Arch. Public Health 2022, 80, 209. [CrossRef] [PubMed]

2. Ibarra, L.E,; Vilchez, M.L.; Caverzan, M.D.; Milla Sanabria, L.N. Understanding the glioblastoma tumor biology to optimize
photodynamic therapy: From molecular to cellular events. ]. Neurosci. Res. 2021, 99, 1024-1047. [CrossRef]


https://doi.org/10.1186/s13690-022-00965-5
https://www.ncbi.nlm.nih.gov/pubmed/36115969
https://doi.org/10.1002/jnr.24776

Brain Sci. 2023, 13, 1299 18 of 23

o

10.

11.

12.

13.

14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ostrom, Q.T.; Gittleman, H.; Farah, P.; Ondracek, A.; Chen, Y.; Wolinsky, Y.; Stroup, N.E.; Kruchko, C.; Barnholtz-Sloan, J.S.
CBTRUS statistical report: Primary brain and central nervous system tumors diagnosed in the United States in 2006-2010. Neuro
Oncol. 2013, 5, 2. [CrossRef] [PubMed]

Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef] [PubMed]

Ostrom, Q.T.; Bauchet, L.; Davis, E.G.; Deltour, I; Fisher, J.L.; Langer, C.E.; Pekmezci, M.; Schwartzbaum, J.A.; Turner, M.C.; Walsh,
K.M.; et al. The epidemiology of glioma in adults: A “state of the science” review. Neuro-Oncology 2014, 16, 896-913. [CrossRef]
Claes, A.; Idema, A.J.; Wesseling, P. Diffuse glioma growth: A guerilla war. Acta Neuropathol. 2007, 114, 443-458. [CrossRef]
Madsen, S.J.; Sun, C.-H.; Tromberg, B.J.; Cristini, V.; De Magalhaes, N.; Hirschberg, H. Multicell tumor spheroids in photodynamic
therapy. Lasers in Surg. Med. 2006, 38, 555-564. [CrossRef]

Jeising, S.; Geerling, G.; Guthoff, R.; Hanggi, D.; Sabel, M.; Rapp, M.; Nickel, A.-C. In-Vitro Use of Verteporfin for Photodynamic
Therapy in Glioblastoma. Photodiagn. Photodyn. Ther. 2022, 40, 103049. [CrossRef]

Zavadskaya, T.S. Photodynamic therapy in the treatment of glioma. Exp. Oncol. 2015, 37, 234-241. [CrossRef]

Kolarikova, M.; Hosikova, B.; Dilenko, H.; Barton-Tomankova, K.; Valkova, L.; Bajgar, R.; Malina, L.; Kolarova, H. Photodynamic
therapy: Innovative approaches for antibacterial and anticancer treatments. Med. Res. Rev. 2023, 43, 717-774. [CrossRef]
Quach, S.; Schwartz, C.; Aumiller, M.; Foglar, M.; Schmutzer, M.; Katzendobler, S.; El Fahim, M.; Forbrig, R.; Bochmann, K;
Egensperger, R.; et al. Interstitial photodynamic therapy for newly diagnosed glioblastoma. J. Neurooncol. 2023, 162, 217-223.
[CrossRef] [PubMed]

Chiba, K.; Aihara, Y.; Oda, Y.; Fukui, A.; Tsuzuk, S; Saito, T.; Nitta, M.; Muragaki, Y.; Kawamata, T. Photodynamic therapy for
malignant brain tumors in children and young adolescents. Front. Oncol. 2022, 12, 957267. [CrossRef] [PubMed]

Aldosari, L.ILN.; Hassan, S.A.B.; Alshadidi, A.A.F.,; Rangaiah, G.C.; Divakar, D.D. Short-term influence of antimicrobial pho-
todynamic therapy as an adjuvant to mechanical debridement in reducing soft-tissue inflammation and subgingival yeasts
colonization in patients with peri-implant mucositis. Photodiagn. Photodyn. Ther. 2023, 42, 103320. [CrossRef]

de Paiva, A.C.M.; Ferreira, M.D.C.; da Fonseca, A.S. Photodynamic therapy for treatment of bacterial keratitis. Photodiagn.
Photodyn. Ther. 2022, 37,102717. [CrossRef]

Gil-Pallares, P.; Navarro-Bielsa, A.; Almenara-Blasco, M.; Gracia-Cazafia, T.; Gilaberte, Y. Photodynamic Therapy, a successful
treatment for granular parakeratosis. Photodiagn. Photodyn. Ther. 2023, 42, 103562. [CrossRef]

Alexiades-Armenakas, M. Laser-mediated photodynamic therapy. Clin. Dermatol. 2006, 24, 16-25. [CrossRef]

Kessel, D. Photodynamic Therapy: Critical PDT Theory. Photochem. Photobiol. 2023, 99, 199-203. [CrossRef]

Maharjan, P.S.; Bhattarai, H.K. Singlet Oxygen, Photodynamic Therapy, and Mechanisms of Cancer Cell Death. J. Oncol. 2022,
2022,7211485. [CrossRef]

Sabino, C.P; Ribeiro, M.S.; Wainwright, M.; Dos Anjos, C.; Sellera, F.P.; Dropa, M.; Nunes, N.B.; Brancini, G.T.P,; Braga, G.U.L,;
Arana-Chavez, V.E,; et al. The Biochemical Mechanisms of Antimicrobial Photodynamic Therapy t. Photochem. Photobiol. 2023, 99,
742-750. [CrossRef]

Lima, E.; Reis, L.V. Photodynamic Therapy: From the Basics to the Current Progress of N-Heterocyclic-Bearing Dyes as Effective
Photosensitizers. Molecules 2023, 28, 5092. [CrossRef]

Collin, F. Chemical Basis of Reactive Oxygen Species Reactivity and Involvement in Neurodegenerative Diseases. Int. ]. Mol. Sci.
2019, 20, 2407. [CrossRef] [PubMed]

Zhou, Z.; Song, ].; Nie, L.; Chen, X. Reactive oxygen species generating systems meeting challenges of photodynamic cancer
therapy. Chem. Soc. Rev. 2016, 45, 6597-6626. [CrossRef] [PubMed]

Fujii, J.; Soma, Y.; Matsuda, Y. Biological Action of Singlet Molecular Oxygen from the Standpoint of Cell Signaling, Injury and
Death. Molecules 2023, 28, 4085. [CrossRef]

Page, M.].; McKenzie, ].E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM] 2021, 372, n71.
[CrossRef]

Bartusik-Aebisher, D.; Zo{yniak, A.; Barnas, E.; Machorowska-Pieniazek, A.; Ole$, P.; Kawczyk-Krupka, A.; Aebisher, D. The Use
of Photodynamic Therapy in the Treatment of Brain Tumors-A Review of the Literature. Molecules 2022, 27, 6847. [CrossRef]
Correia, ].LH.; Rodrigues, J.A.; Pimenta, S.; Dong, T.; Yang, Z. Photodynamic Therapy Review: Principles, Photosensitizers,
Applications, and Future Directions. Pharmaceutics 2021, 13, 1332. [CrossRef] [PubMed]

Mishchenko, T.; Balalaeva, I.; Gorokhova, A.; Vedunova, M.; Krysko, D.V. Which cell death modality wins the contest for
photodynamic therapy of cancer? Cell Death Dis. 2022, 13, 455. [CrossRef]

Bacellar, I.O.L.; Baptista, M.S. Mechanisms of Photosensitized Lipid Oxidation and Membrane Permeabilization. ACS Omega
2019, 4, 21636-21646. [CrossRef]

Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell Signal.
2012, 24, 981-990. [CrossRef]

Murotomi, K.; Umeno, A.; Shichiri, M.; Tanito, M.; Yoshida, Y. Significance of Singlet Oxygen Molecule in Pathologies. Int. J. Mol.
Sci. 2023, 24, 2739. [CrossRef]


https://doi.org/10.1093/neuonc/not151
https://www.ncbi.nlm.nih.gov/pubmed/24137015
https://doi.org/10.1007/s00401-016-1545-1
https://www.ncbi.nlm.nih.gov/pubmed/27157931
https://doi.org/10.1093/neuonc/nou087
https://doi.org/10.1007/s00401-007-0293-7
https://doi.org/10.1002/lsm.20350
https://doi.org/10.1016/j.pdpdt.2022.103049
https://doi.org/10.31768/2312-8852.2015.37(4):234-241
https://doi.org/10.1002/med.21935
https://doi.org/10.1007/s11060-023-04284-9
https://www.ncbi.nlm.nih.gov/pubmed/36928699
https://doi.org/10.3389/fonc.2022.957267
https://www.ncbi.nlm.nih.gov/pubmed/36505805
https://doi.org/10.1016/j.pdpdt.2023.103320
https://doi.org/10.1016/j.pdpdt.2022.102717
https://doi.org/10.1016/j.pdpdt.2023.103562
https://doi.org/10.1016/j.clindermatol.2005.10.027
https://doi.org/10.1111/php.13616
https://doi.org/10.1155/2022/7211485
https://doi.org/10.1111/php.13685
https://doi.org/10.3390/molecules28135092
https://doi.org/10.3390/ijms20102407
https://www.ncbi.nlm.nih.gov/pubmed/31096608
https://doi.org/10.1039/C6CS00271D
https://www.ncbi.nlm.nih.gov/pubmed/27722328
https://doi.org/10.3390/molecules28104085
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3390/molecules27206847
https://doi.org/10.3390/pharmaceutics13091332
https://www.ncbi.nlm.nih.gov/pubmed/34575408
https://doi.org/10.1038/s41419-022-04851-4
https://doi.org/10.1021/acsomega.9b03244
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.3390/ijms24032739

Brain Sci. 2023, 13, 1299 19 of 23

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Gunaydin, G.; Gedik, M.E.; Ayan, S. Photodynamic Therapy-Current Limitations and Novel Approaches. Front. Chem. 2021,
9, 691697. [CrossRef]

Dynarowicz, K. Naturally occurring photosensitizers and photodynamic therapy: Laser or sun? Eur. J. Clin. Exp. Med. 2021, 19,
174-178. [CrossRef]

Queiroés, C.; Garrido, PM.; Maia Silva, J.; Filipe, P. Photodynamic therapy in dermatology: Beyond current indications. Dermatol.
Ther. 2020, 33, €13997. [CrossRef] [PubMed]

Mazur, A.; Koziorowska, K.; Dynarowicz, K.; Aebisher, D.; Bartusik-Aebisher, D. Vitamin D and Vitamin D3 Supplementation
during Photodynamic Therapy: A Review. Nutrients 2022, 14, 3805. [CrossRef]

Pariser, D.M.; Lowe, N.J.; Stewart, D.M.; Jarratt, M.T.; Lucky, A.W.,; Pariser, R.J.; Yamauchi, P.S. Photodynamic therapy with
topical methyl aminolevulinate for actinic keratosis: Results of a prospective randomized multicenter trial. J. Am. Acad. Dermatol.
2003, 48, 227-232. [CrossRef]

Rynda, A.Y.; Olyushin, V.E.; Rostovtsev, D.M.; Zabrodskaya, Y.M.; Ulitin, A.Y.; Papayan, G.V. Intraoperative photodynamic
therapy in complex treatment of malignant gliomas. Zh. Vopr. Neirokhir. Im. N. N. Burdenko 2023, 87, 25-34. (In Russian) [CrossRef]
Mahmoudi, K.; Garvey, K.L.; Bouras, A.; Cramer, G.; Stepp, H.; Jesu Raj, ].G.; Bozec, D.; Busch, T.M.; Hadjipanayis, C.G. 5-
aminolevulinic acid photodynamic therapy for the treatment of high-grade gliomas. J. Neurooncol. 2019, 141, 595-607. [CrossRef]
[PubMed]

Casas, A. Clinical uses of 5-aminolaevulinic acid in photodynamic treatment and photodetection of cancer: A review. Cancer Lett.
2020, 490, 165-173. [CrossRef] [PubMed]

Li, X.; Feng, H.; Li, F. Progression of basic research, clinical application of photodynamic therapy and fluorescence-guided surgery
in glioma treatment. Zhong Nan Da Xue Xue Bao Yi Xue Ban 2018, 43, 360-367. [CrossRef]

Friesen, S.A.; Hjortland, G.O.; Madsen, S.J.; Hirschberg, H.; Engebraten, O.; Nesland, ].M.; Peng, Q. 5-Aminolevulinic acid-based
photodynamic detection and therapy of brain tumors (review). Int. |. Oncol. 2002, 21, 577-582. [CrossRef]

Johansson, A.; Palte, G.; Schnell, O.; Tonn, ].C.; Herms, J.; Stepp, H. 5-Aminolevulinic acid-induced protoporphyrin IX levels in
tissue of human malignant brain tumors. Photochem. Photobiol. 2010, 86, 1373-1378. [CrossRef] [PubMed]

Stepp, H.; Stummer, W. 5-ALA in the management of malignant glioma. Lasers Surg. Med. 2018, 50, 399-419. [CrossRef] [PubMed]
Tetard, M.C.; Vermandel, M.; Mordon, S.; Lejeune, J.P.; Reyns, N. Experimental use of photodynamic therapy in high grade
gliomas: A review focused on 5-aminolevulinic acid. Photodiagn. Photodyn. Ther. 2014, 11, 319-330. [CrossRef] [PubMed]
Vilchez, M.L.; Rodriguez, L.B.; Palacios, R.E.; Prucca, C.G.; Caverzan, M.D.; Caputto, B.L.; Rivarola, V.A.; Milla Sanabria, L.N.
Isolation and initial characterization of human glioblastoma cells resistant to photodynamic therapy. Photodiagn. Photodyn. Ther.
2021, 33, 102097. [CrossRef]

Yi, W,; Xu, H.T,; Tian, D.E; Wu, L.Q.; Zhang, S.Q.; Wang, L.; Ji, B.W.; Zhu, X.N.; Okechi, H.; Liu, G.; et al. Photodynamic therapy
mediated by 5-aminolevulinic acid suppresses gliomas growth by decreasing the microvessels. Journal of Huazhong University
of Science and Technology. Medical sciences = Hua zhong ke ji da xue xue bao. Yi xue Ying De wen ban = Huazhong keji daxue
xuebao. Yixue Yingdewen Ban 2015, 35, 259-264.

Kamoshima, Y.; Terasaka, S.; Kuroda, S.; Iwasaki, Y. Morphological and histological changes of glioma cells immediately after
5-aminolevulinic acid mediated photodynamic therapy. Neurol. Res. 2011, 33, 739-746. [CrossRef]

Schwake, M.; Nemes, A.; Dondrop, J.; Schroeteler, J.; Schipmann, S.; Senner, V.; Stummer, W.; Ewelt, C. In-Vitro Use of 5-ALA for
Photodynamic Therapy in Pediatric Brain Tumors. Neurosurgery 2018, 83, 1328-1337. [CrossRef]

Fontana, L.C.; Pinto, J.G.; Vitorio, G.D.S.; Ferreira, I.; Pacheco-Soares, C.; Mamone, L.A.; Strixino, ].F. Photodynamic effect of
protoporphyrin IX in gliosarcoma 91/lacZ cell line. Photodiagn. Photodyn. Ther. 2022, 37, 102669. [CrossRef]

Inoue, H.; Kajimoto, Y.; Shibata, M.A.; Miyoshi, N.; Ogawa, N.; Miyatake, S.; Otsuki, Y.; Kuroiwa, T. Massive apoptotic cell
death of human glioma cells via a mitochondrial pathway following 5-aminolevulinic acid-mediated photodynamic therapy.
J. Neuro-Oncol. 2007, 83, 223-231. [CrossRef]

Howley, R.; Chandratre, S.; Chen, B. 5-Aminolevulinic Acid as a Theranostic Agent for Tumor Fluorescence Imaging and
Photodynamic Therapy. Bioengineering 2023, 10, 496. [CrossRef]

Hirschberg, H.; Spetalen, S.; Carper, S.; Hole, P,; Tillung, T.; Madsen, S. Minimally invasive photodynamic therapy (PDT) for
ablation of experimental rat glioma. Minim. Invasive Neurosurg. 2006, 49, 135-142. [CrossRef]

Coupienne, I; Bontems, S.; Dewaele, M.; Rubio, N.; Habraken, Y.; Fulda, S.; Agostinis, P; Piette, ]. NF-kappaB inhibition improves
the sensitivity of human glioblastoma cells to 5-aminolevulinic acid-based photodynamic therapy. Biochem. Pharmacol. 2011, 81,
606—616. [CrossRef]

Madsen, S.J.; Sun, C.H.; Tromberg, B.].; Hirschberg, H. Repetitive 5-aminolevulinic acid-mediated photodynamic therapy on
human glioma spheroids. ] Neurooncol. 2003, 62, 243-250. [CrossRef] [PubMed]

Tetard, M.C.; Vermandel, M.; Leroy, H.A.; Leroux, B.; Maurage, C.A.; Lejeune, J.P.; Mordon, S.; Reyns, N. Interstitial 5-ALA
photodynamic therapy and glioblastoma: Preclinical model development and preliminary results. Photodiagn. Photodyn. Ther.
2016, 13, 218-224. [CrossRef]

Fujishiro, T.; Nonoguchi, N.; Pavliukov, M.; Ohmura, N.; Kawabata, S.; Park, Y.; Kajimoto, Y.; Ishikawa, T.; Nakano, I.; Kuroiwa, T.
5-Aminolevulinic acid-mediated photodynamic therapy can target human glioma stem-like cells refractory to antineoplastic
agents. Photodiagn. Photodyn. Ther. 2018, 24, 58—68. [CrossRef]


https://doi.org/10.3389/fchem.2021.691697
https://doi.org/10.15584/ejcem.2021.2.9
https://doi.org/10.1111/dth.13997
https://www.ncbi.nlm.nih.gov/pubmed/32654315
https://doi.org/10.3390/nu14183805
https://doi.org/10.1067/mjd.2003.49
https://doi.org/10.17116/neiro20238701125
https://doi.org/10.1007/s11060-019-03103-4
https://www.ncbi.nlm.nih.gov/pubmed/30659522
https://doi.org/10.1016/j.canlet.2020.06.008
https://www.ncbi.nlm.nih.gov/pubmed/32534172
https://doi.org/10.11817/j.issn.1672-7347.2018.04.005
https://doi.org/10.3892/ijo.21.3.577
https://doi.org/10.1111/j.1751-1097.2010.00799.x
https://www.ncbi.nlm.nih.gov/pubmed/20854414
https://doi.org/10.1002/lsm.22933
https://www.ncbi.nlm.nih.gov/pubmed/29737540
https://doi.org/10.1016/j.pdpdt.2014.04.004
https://www.ncbi.nlm.nih.gov/pubmed/24905843
https://doi.org/10.1016/j.pdpdt.2020.102097
https://doi.org/10.1179/1743132810Y.0000000001
https://doi.org/10.1093/neuros/nyy054
https://doi.org/10.1016/j.pdpdt.2021.102669
https://doi.org/10.1007/s11060-006-9325-8
https://doi.org/10.3390/bioengineering10040496
https://doi.org/10.1055/s-2006-932216
https://doi.org/10.1016/j.bcp.2010.12.015
https://doi.org/10.1023/A:1023362011705
https://www.ncbi.nlm.nih.gov/pubmed/12777075
https://doi.org/10.1016/j.pdpdt.2015.07.169
https://doi.org/10.1016/j.pdpdt.2018.07.004

Brain Sci. 2023, 13, 1299 20 of 23

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Fettweis, G.; Di Valentin, E.; L’homme, L.; Lassence, C.; Dequiedt, F; Fillet, M.; Coupienne, I.; Piette, ]J. RIP3 antagonizes a
TSC2-mediated pro-survival pathway in glioblastoma cell death. Biochimica et biophysica acta. Mol. Cell Res. 2017, 1864, 113-124.
Fisher, C.J.; Niu, C.; Foltz, W.; Chen, Y.; Sidorova-Darmos, E.; Eubanks, ].H.; Lilge, L. ALA-PpIX mediated photodynamic therapy
of malignant gliomas augmented by hypothermia. PLoS ONE 2017, 12, e0181654. [CrossRef]

Cornelius, ].E; Slotty, PJ.; El Khatib, M.; Giannakis, A.; Senger, B.; Steiger, H.J. Enhancing the effect of 5-aminolevulinic acid based
photodynamic therapy in human meningioma cells. Photodiagn. Photodyn Ther. 2014, 11, 1-6. [CrossRef] [PubMed]

Leroy, H.A.; Guérin, L.; Lecomte, E; Baert, G.; Vignion, A.S.; Mordon, S.; Reyns, N. Is interstitial photodynamic therapy for brain
tumors ready for clinical practice? A systematic review. Photodiagn. Photodyn Ther. 2021, 36, 102492. [CrossRef] [PubMed]
Demyanenko, S.V.; Uzdensky, A.B.; Sharifulina, S.A.; Lapteva, T.O.; Polyakova, L.P. PDT-induced epigenetic changes in the
mouse cerebral cortex: A protein microarray study. Biochim. Biophys. Acta 2014, 1840, 262-270. [CrossRef]

Kimura, S.; Kuroiwa, T.; Ikeda, N.; Nonoguchi, N.; Kawabata, S.; Kajimoto, Y.; Ishikawa, T. Assessment of safety of 5-
aminolevulinic acid-mediated photodynamic therapy in rat brain. Photodiagn. Photodyn. Ther. 2018, 21, 367-374. [CrossRef]
[PubMed]

Madsen, S.J.; Angell-Petersen, E.; Spetalen, S.; Carper, SW.; Ziegler, S.A.; Hirschberg, H. Photodynamic therapy of newly
implanted glioma cells in the rat brain. Lasers Surg. Med. 2006, 38, 540-548. [CrossRef]

Ishikawa, T.; Kajimoto, Y.; Inoue, Y.; Ikegami, Y.; Kuroiwa, T. Critical role of ABCG2 in ALA-photodynamic diagnosis and therapy
of human brain tumor. Adv. Cancer Res. 2015, 125, 197-216. [PubMed]

Miiller, P.; Abdel Gaber, S.A.; Zimmermann, W.; Wittig, R.; Stepp, H. ABCG2 influence on the efficiency of photodynamic therapy
in glioblastoma cells. J. Photochem. Photobiol. B 2020, 210, 111963. [CrossRef] [PubMed]

Sun, W.; Kajimoto, Y.; Inoue, H.; Miyatake, S.; Ishikawa, T.; Kuroiwa, T. Gefitinib enhances the efficacy of photodynamic therapy
using 5-aminolevulinic acid in malignant brain tumor cells. Photodiagn. Photodyn. Ther. 2013, 10, 42-50. [CrossRef]

Girotti, A.W.; Fahey, ] M.; Korytowski, W. Multiple Means by Which Nitric Oxide can Antagonize Photodynamic Therapy. Curr.
Med. Chem. 2016, 23, 2754-2769. [CrossRef] [PubMed]

Wiehe, A.; Senge, M.O. The Photosensitizer Temoporfin (mnTHPC)—Chemical, Pre-clinical and Clinical Developments in the Last
Decade. Photochem. Photobiol. 2022. advance online publication. [CrossRef]

Senge, M.O.; Brandt, ].C. Temoporfin (Foscan®, 5,10,15,20-tetra(m-hydroxyphenyl)chlorin)—A second-generation photosensitizer.
Photochem. Photobiol. 2011, 87, 1240-1296. [CrossRef] [PubMed]

Mattioli, E.J.; Ulfo, L.; Marconi, A.; Pellicioni, V.; Costantini, P.E.; Marforio, T.D.; Di Giosia, M.; Danielli, A.; Fimognari, C.; Turrini,
E.; et al. Carrying Temoporfin with Human Serum Albumin: A New Perspective for Photodynamic Application in Head and
Neck Cancer. Biomolecules 2022, 13, 68. [CrossRef]

Mannino, S.; Molinari, A.; Sabatino, G.; Ciafre, S.A.; Colone, M.; Maira, G.; Anile, C.; Arancia, G.; Mangiola, A. Intratumoral vs
systemic administration of meta-tetrahydroxyphenylchlorin for photodynamic therapy of malignant gliomas: Assessment of
uptake and spatial distribution in C6 rat glioma model. Int. ]. Immunopathol. Pharmacol. 2008, 21, 227-231. [CrossRef]

Molinari, A.; Bombelli, C.; Mannino, S.; Stringaro, A.; Toccacieli, L.; Calcabrini, A.; Colone, M.; Mangiola, A.; Maira, G.; Luciani,
P, et al. m-THPC-mediated photodynamic therapy of malignant gliomas: Assessment of a new transfection strategy. Int. J. Cancer
2007, 121, 1149-1155. [CrossRef] [PubMed]

Ng, J.; Henriquez, N.; MacRobert, A.; Kitchen, N.; Williams, N.; Bown, S. Bioluminescence-activated photodynamic therapy for
luciferase transfected, grade 4 astrocytoma cells in vitro. Photodiagn. Photodyn. Ther. 2022, 38, 102856. [CrossRef] [PubMed]
Varon, E.; Blumrosen, G.; Sinvani, M.; Haimov, E.; Polani, S.; Natan, M.; Shoval, I.; Jacob, A.; Atkins, A.; Zitoun, D.; et al. An
Engineered Nanocomplex with Photodynamic and Photothermal Synergistic Properties for Cancer Treatment. Int. |. Mol. Sci.
2022, 23, 2286. [CrossRef]

Jiang, E.; Chopp, M.; Katakowski, M.; Cho, K.K.; Yang, X.; Hochbaum, N.; Tong, L.; Mikkelsen, T. Photodynamic therapy with
photofrin reduces invasiveness of malignant human glioma cells. Lasers Med. Sci. 2002, 17, 280-288. [CrossRef]

Muller, P.J.; Wilson, B.C. Photodynamic therapy of brain tumors—A work in progress. Lasers Surg. Med. 2006, 38, 384-389.
[CrossRef]

Zhang, X.; Jiang, F; Kalkanis, S.N.; Zhang, Z.; Hong, X.; Yang, H.; Chopp, M. Post-acute response of 9L gliosarcoma to
Photofrin-mediated PDT in athymic nude mice. Lasers Med. Sci. 2007, 22, 253-259. [CrossRef]

Chopp, M.; Madigan, L.; Dereski, M.; Jiang, E,; Li, Y. Photodynamic therapy of human glioma (U87) in the nude rat. Photochem.
Photobiol. 1996, 64, 707-711. [CrossRef]

deCarvalho, A.C.; Zhang, X.; Roberts, C.; Jiang, F.; Kalkanis, S.N.; Hong, X.; Lu, M.; Chopp, M. Subclinical photodynamic therapy
treatment modifies the brain microenvironment and promotes glioma growth. Glia 2007, 55, 1053-1060. [CrossRef]

Jiang, E; Lilge, L.; Grenier, J.; Li, Y.; Wilson, M.D.; Chopp, M. Photodynamic therapy of U87 human glioma in nude rat using
liposome-delivered photofrin. Lasers Surg. Med. 1998, 22, 74-80. [CrossRef]

Jiang, F; Lilge, L.; Logie, B.; Li, Y.; Chopp, M. Photodynamic therapy of 9L gliosarcoma with liposome-delivered photofrin.
Photochem. Photobiol. 1997, 65, 701-706. [CrossRef]

Aziz, F; Telara, S.; Moseley, H.; Goodman, C.; Manthri, P.; Eljamel, M.S. Photodynamic therapy adjuvant to surgery in metastatic
carcinoma in brain. Photodiagn. Photodyn. Ther. 2009, 6, 227-230. [CrossRef] [PubMed]

Jiang, F,; Lilge, L.; Belcuig, M.; Singh, G.; Grenier, J.; Li, Y.; Chopp, M. Photodynamic therapy using Photofrin in combination with
buthionine sulfoximine (BSO) to treat 9L gliosarcoma in rat brain. Lasers Surg. Med. 1998, 23, 161-166. [CrossRef]


https://doi.org/10.1371/journal.pone.0181654
https://doi.org/10.1016/j.pdpdt.2014.01.001
https://www.ncbi.nlm.nih.gov/pubmed/24486853
https://doi.org/10.1016/j.pdpdt.2021.102492
https://www.ncbi.nlm.nih.gov/pubmed/34419674
https://doi.org/10.1016/j.bbagen.2013.09.014
https://doi.org/10.1016/j.pdpdt.2018.02.002
https://www.ncbi.nlm.nih.gov/pubmed/29414737
https://doi.org/10.1002/lsm.20274
https://www.ncbi.nlm.nih.gov/pubmed/25640271
https://doi.org/10.1016/j.jphotobiol.2020.111963
https://www.ncbi.nlm.nih.gov/pubmed/32795847
https://doi.org/10.1016/j.pdpdt.2012.06.003
https://doi.org/10.2174/0929867323666160812145641
https://www.ncbi.nlm.nih.gov/pubmed/27776475
https://doi.org/10.1111/php.13730
https://doi.org/10.1111/j.1751-1097.2011.00986.x
https://www.ncbi.nlm.nih.gov/pubmed/21848905
https://doi.org/10.3390/biom13010068
https://doi.org/10.1177/039463200802100126
https://doi.org/10.1002/ijc.22793
https://www.ncbi.nlm.nih.gov/pubmed/17471562
https://doi.org/10.1016/j.pdpdt.2022.102856
https://www.ncbi.nlm.nih.gov/pubmed/35398261
https://doi.org/10.3390/ijms23042286
https://doi.org/10.1007/s101030200041
https://doi.org/10.1002/lsm.20338
https://doi.org/10.1007/s10103-007-0442-1
https://doi.org/10.1111/j.1751-1097.1996.tb03128.x
https://doi.org/10.1002/glia.20525
https://doi.org/10.1002/(SICI)1096-9101(1998)22:2%3C74::AID-LSM2%3E3.0.CO;2-T
https://doi.org/10.1111/j.1751-1097.1997.tb01913.x
https://doi.org/10.1016/j.pdpdt.2009.09.003
https://www.ncbi.nlm.nih.gov/pubmed/19932456
https://doi.org/10.1002/(SICI)1096-9101(1998)23:3%3C161::AID-LSM5%3E3.0.CO;2-N

Brain Sci. 2023, 13, 1299 21 0f23

83.

84.
85.

86.
87.
88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Jiang, F.; Cho, K.K.; Mikkelse, T.; Tong, L.; Lew, Y.S.; Hochbaum, N.; Shargorodsky, J.; Chop, M. Tamoxifen increases photodynamic
therapeutic response of U87 and U25In human glioma cells. J. Neuro-Oncol. 2002, 56, 51-58. [CrossRef] [PubMed]

Tsukagoshi, S. Gan to kagaku ryoho. Cancer Chemother. 1995, 22, 1271-1278.

Cole, C.D,; Liu, J.K; Sheng, X.; Chin, S.S.; Schmidt, M.H.; Weiss, M.H.; Couldwell, W.T. Hypericin-mediated photodynamic
therapy of pituitary tumors: Preclinical study in a GH4C1 rat tumor model. ]. Neuro-Oncol. 2008, 87, 255-261. [CrossRef]

Ritz, R.; Wein, H.T.; Dietz, K.; Schenk, M.; Roser, E; Tatagiba, M.; Strauss, W.S. Photodynamic therapy of malignant glioma with
hypericin: Comprehensive in vitro study in human glioblastoma cell lines. Int. J. Oncol. 2007, 30, 659-667. [CrossRef]
Nakajima, N.; Kawashima, N. A basic study on hypericin-PDT in vitro. Photodiagn. Photodyn. Ther. 2012, 9, 196-203. [CrossRef]
Bassler, M.C.; Rammler, T.; Wackenhut, F.; Zur Oven-Krockhaus, S.; Secig, I.; Ritz, R.; Meixner, A.].; Brecht, M. Accumulation
and penetration behavior of hypericin in glioma tumor spheroids studied by fluorescence microscopy and confocal fluorescence
lifetime imaging microscopy. Anal. Bioanal. Chem. 2022, 414, 4849-4860. [CrossRef]

Kessel, D. Hypericin Accumulation as a Determinant of PDT Efficacy. Photochem. Photobiol. 2020, 96, 1144-1147. [CrossRef]
Muragaki, Y.; Akimoto, J.; Maruyama, T.; Iseki, H.; Ikuta, S.; Nitta, M.; Maebayashi, K.; Saito, T.; Okada, Y.; Kaneko, S.; et al.
Phase II clinical study on intraoperative photodynamic therapy with talaporfin sodium and semiconductor laser in patients with
malignant brain tumors. J. Neurosurg. 2013, 119, 845-852. [CrossRef]

Akimoto, J.; Haraoka, J.; Aizawa, K. Preliminary clinical report on safety and efficacy of photodynamic therapy using talaporfin
sodium for malignant gliomas. Photodiagn. Photodyn. Ther. 2012, 9, 91-99. [CrossRef]

Hiramatsu, R.; Kawabata, S.; Tanaka, H.; Sakurai, Y.; Suzuki, M.; Ono, K.; Miyatake, S.; Kuroiwa, T.; Hao, E.; Vicente, M.G.
Tetrakis(p-carboranylthio-tetrafluorophenyl)chlorin (TPFC): Application for photodynamic therapy and boron neutron capture
therapy. J. Pharm. Sci. 2015, 104, 962-970. [CrossRef] [PubMed]

Munegowda, M.A.; Fisher, C.; Molehuis, D.; Foltz, W.; Roufaiel, M.; Bassan, J.; Nitz, M.; Mandel, A.; Lilge, L. Efficacy of ruthenium
coordination complex-based Rutherrin in a preclinical rat glioblastoma model. Neurooncol. Adv. 2019, 1, vdz006. [CrossRef]
[PubMed]

Hambsch, P; Istomin, Y.P.; Tzerkovsky, D.A; Patties, I.; Neuhaus, J.; Kortmann, R.D.; Schastak, S.; Glasow, A. Efficient cell death
induction in human glioblastoma cells by photodynamic treatment with Tetrahydroporphyrin-Tetratosylat (THPTS) and ionizing
irradiation. Oncotarget 2017, 8, 72411-72423. [CrossRef]

Milla, L.N.; Yslas, E.I; Cabral, A.; Durantini, E.N.; Romanini, S.; Rivarola, V.; Bertuzzi, M. Pharmacokinetic, toxicological and
phototherapeutic studies of phthalocyanine ZnPcCF3. Biomed. Pharmacother. 2009, 63, 209-215. [CrossRef]

Castilho-Fernandes, A.; Lopes, T.G.; Primo, FL.; Pinto, M.R.; Tedesco, A.C. Photodynamic process induced by chloro-aluminum
phthalocyanine nanoemulsion in glioblastoma. Photodiagn. Photodyn. Ther. 2017, 19, 221-228. [CrossRef] [PubMed]

Fontana, L.C.; Pinto, J.G.; Pereira AH, C.; Soares, C.P,; Raniero, L.J.; Ferreira-Strixino, J. Photodithazine photodynamic effect on
viability of 9L/lacZ gliosarcoma cell line. Lasers Surg. Med. 2017, 32, 1245-1252. [CrossRef]

Santos Vitorio, G.D.; de Almeida RM, S.; Pinto, J.G.; Fontana, L.C.; Ferreira-Strixino, J. Analysis of the effects of Photodynamic
therapy with Photodithazine on the treatment of 91/lacZ cells, in vitro study. Photodiagn. Photodyn. Ther. 2021, 34, 102233.
[CrossRef]

Klimenko, A.; Rodina, E.E.; Silachev, D.; Begun, M.; Babenko, V.A.; Benditkis, A.S.; Kozlov, A.S.; Krasnovsky, A.A.; Khotimchenko,
Y.S.; Katanaev, V.L. Chlorin Endogenous to the North Pacific Brittle Star Ophiura sarsii for Photodynamic Therapy Applications
in Breast Cancer and Glioblastoma Models. Biomedicines 2022, 10, 134. [CrossRef]

Lobel, J.; MacDonald, 1.].; Ciesielski, M.].; Barone, T.; Potter, W.R.; Pollina, J.; Plunkett, R.].; Fenstermaker, R.A.; Dougherty, T.J.
2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) in a nude rat glioma model: Implications for photodynamic therapy.
Lasers Surg. Med. 2001, 29, 397—405. [CrossRef]

Fujishima, I.; Sakai, T.; Tanaka, T.; Ryu, H.; Uemura, K.; Fujishima, Y.; Horiuchi, K.; Daikuzono, N.; Sekiguchi, Y. Photodynamic
therapy using pheophorbide a and Nd:YAG laser. Neurol. Medico-Chir. 1991, 31, 257-263. [CrossRef]

Cai, X.; Wang, M.; Mu, P; Jian, T,; Liu, D.; Ding, S.; Luo, Y.; Du, D.; Song, Y.; Chen, C.L.; et al. Sequence-Defined Nanotubes
Assembled from IR780-Conjugated Peptoids for Chemophototherapy of Malignant Glioma. Research 2021, 2021, 9861384.
[CrossRef]

Olivier, D.; Bourré, L.; El-Sabbagh, E.; Loussouarn, D.; Simonneaux, G.; Valette, F,; Patrice, T. Photodynamic effects of SIM01, a
new sensitizer, on experimental brain tumors in rats. Surg. Neurol. 2007, 68, 255-263. [CrossRef] [PubMed]

Yamamoto, J.; Hirano, T.; Li, S.; Koide, M.; Kohno, E.; Inenaga, C.; Tokuyama, T.; Yokota, N.; Yamamoto, S.; Terakawa, S.; et al.
Selective accumulation and strong photodynamic effects of a new photosensitizer, ATX-510.Na (II), in experimental malignant
glioma. Int. |. Oncol. 2005, 27, 1207-1213. [CrossRef] [PubMed]

Xu, D.; Chen, X,; Chen, K,; Peng, Y.; Li, Y; Ke, Y,; Gan, D. Tetra-sulfonate phthalocyanine zinc-bovine serum albumin conjugate-
mediated photodynamic therapy of human glioma. J. Biomater. Appl. 2014, 29, 378-385. [CrossRef]

Xu, D; Ke, Y,; Jiang, X.; Cai, Y.; Peng, Y.; Li, Y. In vitro photodynamic therapy on human U251 glioma cells with a novel
photosensitiser ZnPcS4-BSA. Br. . Neurosurg. 2010, 24, 660-665. [CrossRef] [PubMed]

Xu, D.; Baidya, A.; Deng, K.; Li, Y.S.; Wu, B.; Xu, H.B. Multifunctional nanoparticle PEG-Ce6-Gd for MRI-guided photodynamic
therapy. Oncol. Rep. 2021, 45, 547-556. [CrossRef]

Xu, H.Z,; Li, TF; Ma, Y,; Li, K.; Zhang, Q.; Xu, YH.; Zhang, Y.C.; Zhao, L.; Chen, X. Targeted photodynamic therapy of
glioblastoma mediated by platelets with photo-controlled release property. Biomaterials 2022, 290, 121833. [CrossRef]


https://doi.org/10.1023/A:1014400822235
https://www.ncbi.nlm.nih.gov/pubmed/11949827
https://doi.org/10.1007/s11060-007-9514-0
https://doi.org/10.3892/ijo.30.3.659
https://doi.org/10.1016/j.pdpdt.2012.01.008
https://doi.org/10.1007/s00216-022-04107-2
https://doi.org/10.1111/php.13302
https://doi.org/10.3171/2013.7.JNS13415
https://doi.org/10.1016/j.pdpdt.2012.01.001
https://doi.org/10.1002/jps.24317
https://www.ncbi.nlm.nih.gov/pubmed/28756849
https://doi.org/10.1093/noajnl/vdz006
https://www.ncbi.nlm.nih.gov/pubmed/32642649
https://doi.org/10.18632/oncotarget.20403
https://doi.org/10.1016/j.biopha.2008.01.019
https://doi.org/10.1016/j.pdpdt.2017.05.003
https://www.ncbi.nlm.nih.gov/pubmed/28599959
https://doi.org/10.1007/s10103-017-2227-5
https://doi.org/10.1016/j.pdpdt.2021.102233
https://doi.org/10.3390/biomedicines10010134
https://doi.org/10.1002/lsm.10001
https://doi.org/10.2176/nmc.31.257
https://doi.org/10.34133/2021/9861384
https://doi.org/10.1016/j.surneu.2006.10.072
https://www.ncbi.nlm.nih.gov/pubmed/17544487
https://doi.org/10.3892/ijo.27.5.1207
https://www.ncbi.nlm.nih.gov/pubmed/16211214
https://doi.org/10.1177/0885328214529466
https://doi.org/10.3109/02688697.2010.500416
https://www.ncbi.nlm.nih.gov/pubmed/20707684
https://doi.org/10.3892/or.2020.7871
https://doi.org/10.1016/j.biomaterials.2022.121833

Brain Sci. 2023, 13, 1299 22 0f 23

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Ince, M.; Er, O.; Ocakoglu, K.; Lambrecht, EY.; Colak, S.G.; Soylu, H.M.; Kayabasi, C.; Gunduz, C. Investigation of In vitro PDT
Activities and In vivo Biopotential of Zinc Phthalocyanines Using (131)I Radioisotope. Chem. Biol. Drug Des. 2016, 87, 224-232.
[CrossRef]

De Groof, T.W.M.; Mashayekhi, V,; Fan, T.S.; Bergkamp, N.D.; Sastre Torafio, J.; van Senten, ].R.; Heukers, R.; Smit, M.].; Oliveira,
S. Nanobody-Targeted Photodynamic Therapy Selectively Kills Viral GPCR-Expressing Glioblastoma Cells. Mol. Pharm. 2019, 16,
3145-3156. [CrossRef]

Chen, M.H; Jenh, Y.J.; Wu, SK.; Chen, Y.S.; Hanagata, N.; Lin, FH. Non-invasive Photodynamic Therapy in Brain Cancer by Use
of Tb3+-Doped LaF3 Nanoparticles in Combination with Photosensitizer Through X-ray Irradiation: A Proof-of-Concept Study.
Nanoscale Res. Lett. 2017, 12, 62. [CrossRef] [PubMed]

Mishchenko, T.A.; Turubanova, V.D.; Mitroshina, E.V.; Alzeibak, R.; Peskova, N.N.; Lermontova, S.A.; Klapshina, L.G.; Balalaeva,
L.V,; Vedunova, M.V.; Krysko, D.V. Effect of novel porphyrazine photosensitizers on normal and tumor brain cells. J. Biophotonics
2020, 13, €201960077. [CrossRef] [PubMed]

Savyuk, M.O.; Turubanova, V.D.; Mishchenko, T.A.; Lermontova, S.A.; Klapshina, L.G.; Krysko, D.V.; Vedunova, M.V. Unraveling
of Functional Activity of Primary Hippocampal Neuron-Glial Networks in Photodynamic Therapy Based on Tetracyanote-
tra(aryl)porphyrazines. Cells 2022, 11, 1212. [CrossRef] [PubMed]

Kim, H.S,; Seo, M; Park, T.E.; Lee, D.Y. A novel therapeutic strategy of multimodal nanoconjugates for state-of-the-art brain
tumor phototherapy. J. Nanobiotechnol. 2022, 20, 14. [CrossRef]

Mfouo-Tynga, L.S.; Dias, L.D.; Inada, N.M.; Kurachi, C. Features of third generation photosensitizers used in anticancer photody-
namic therapy: Review. Photodiagn. Photodyn. Ther. 2021, 34, 102091. [CrossRef]

Paszko, E.; Ehrhardt, C.; Senge, M.O.; Kelleher, D.P.; Reynolds, ].V. Nanodrug applications in photodynamic therapy. Photodiagn.
Photodyn. Ther. 2011, 8, 14-29. [CrossRef]

Narumi, A.; Tsuji, T.; Shinohara, K.; Yamazaki, H.; Kikuchi, M.; Kawaguchi, S.; Mae, T.; Ikeda, A.; Sakai, Y.; Kataoka, H.; et al.
Maltotriose-conjugation to a fluorinated chlorin derivative generating a PDT photosensitizer with improved water-solubility.
Org. Biomol. Chem. 2016, 14, 3608-3613. [CrossRef]

Waite, C.L.; Roth, C.M. Nanoscale drug delivery systems for enhanced drug penetration into solid tumors: Current progress and
opportunities. Crit. Rev. Biomed. Eng. 2012, 40, 21-41. [CrossRef]

Natesan, S.; Krishnaswami, V.; Ponnusamy, C.; Madiyalakan, M.; Woo, T.; Palanisamy, R. Hypocrellin B and nano silver loaded
polymeric nanoparticles: Enhanced generation of singlet oxygen for improved photodynamic therapy. Mater. Sci. Eng. C Mater.
Biol. Appl. 2017, 77, 935-946. [CrossRef]

Temizel, E.; Sagir, T.; Ayan, E.; Isik, S.; Ozturk, R. Delivery of lipophilic porphyrin by liposome vehicles: Preparation and
photodynamic therapy activity against cancer cell lines. Photodiagn. Photodyn. Ther. 2014, 11, 537-545. [CrossRef]

Cramer, S.W.; Chen, C.C. Photodynamic Therapy for the Treatment of Glioblastoma. Front. Surg. 2020, 6, 81. [CrossRef]

Ibarra, L.E.; Beaugé, L.; Arias-Ramos, N.; Rivarola, V.A.; Chesta, C.A.; Lopez-Larrubia, P.; Palacios, R.E. Trojan horse monocyte-
mediated delivery of conjugated polymer nanoparticles for improved photodynamic therapy of glioblastoma. Nanomedicine 2020,
15,1687-1707. [CrossRef]

Caverzan, M.D.; Beaugé, L.; Chesta, C.A.; Palacios, R.E.; Ibarra, L.E. Photodynamic therapy of Glioblastoma cells using doped
conjugated polymer nanoparticles: An in vitro comparative study based on redox status. |. Photochem. Photobiol. B 2020,
212,112045. [CrossRef]

Ibarra, L.E.; Porcal, G.V.; Macor, L.P; Ponzio, R.A.; Spada, RM.; Lorente, C.; Chesta, C.A.; Rivarola, V.A.; Palacios, R.E. Metallated
porphyrin-doped conjugated polymer nanoparticles for efficient photodynamic therapy of brain and colorectal tumor cells.
Nanomedicine 2018, 13, 605-624. [CrossRef] [PubMed]

Caverzan, M.D.; Oliveda, PM.; Beaugé, L.; Palacios, R.E.; Chesta, C.A.; Ibarra, L.E. Metronomic Photodynamic Therapy with
Conjugated Polymer Nanoparticles in Glioblastoma Tumor Microenvironment. Cells 2023, 12, 1541. [CrossRef]

Sun, B.; Bte Rahmat, J.N.; Zhang, Y. Advanced techniques for performing photodynamic therapy in deep-seated tissues.
Biomaterials 2022, 291, 121875. [CrossRef]

Udrea, A.M.; Smarandache, A.; Dinache, A.; Mares, C.; Nistorescu, S.; Avram, S.; Staicu, A. Photosensitizers-Loaded Nanocarriers
for Enhancement of Photodynamic Therapy in Melanoma Treatment. Pharmaceutics 2023, 15, 2124. [CrossRef] [PubMed]
Ormond, A.B.; Freeman, H.S. Dye Sensitizers for Photodynamic Therapy. Materials 2013, 6, 817-840. [CrossRef] [PubMed]
Quirk, B.J.; Brandal, G.; Donlon, S.; Vera, ]J.C.; Mang, T.S.; Foy, A.B.; Lew, S.M.; Girotti, A.W.; Jogal, S.; LaViolette, P.S.; et al.
Photodynamic therapy (PDT) for malignant brain tumors—Where do we stand? Photodiagn. Photodyn. Ther. 2015, 12, 530-544.
[CrossRef]

Bhanja, D.; Wilding, H.; Baroz, A.; Trifoi, M.; Shenoy, G.; Slagle-Webb, B.; Hayes, D.; Soudagar, Y.; Connor, J.; Mansouri, A.
Photodynamic Therapy for Glioblastoma: Illuminating the Path toward Clinical Applicability. Cancers 2023, 15, 3427. [CrossRef]
[PubMed]

Yoon, I; Li, ].Z.; Shim, YK. Advance in photosensitizers and light delivery for photodynamic therapy. Clin. Endosc. 2013, 46, 7-23.
[CrossRef]

Muller, PJ.; Wilson, B.C. Photodynamic therapy for recurrent supratentorial gliomas. Semin. Surg. Oncol. 1995, 11, 346-354.
[CrossRef] [PubMed]


https://doi.org/10.1111/cbdd.12659
https://doi.org/10.1021/acs.molpharmaceut.9b00360
https://doi.org/10.1186/s11671-017-1840-3
https://www.ncbi.nlm.nih.gov/pubmed/28110445
https://doi.org/10.1002/jbio.201960077
https://www.ncbi.nlm.nih.gov/pubmed/31595675
https://doi.org/10.3390/cells11071212
https://www.ncbi.nlm.nih.gov/pubmed/35406776
https://doi.org/10.1186/s12951-021-01220-9
https://doi.org/10.1016/j.pdpdt.2020.102091
https://doi.org/10.1016/j.pdpdt.2010.12.001
https://doi.org/10.1039/C6OB00276E
https://doi.org/10.1615/CritRevBiomedEng.v40.i1.20
https://doi.org/10.1016/j.msec.2017.03.179
https://doi.org/10.1016/j.pdpdt.2014.07.006
https://doi.org/10.3389/fsurg.2019.00081
https://doi.org/10.2217/nnm-2020-0106
https://doi.org/10.1016/j.jphotobiol.2020.112045
https://doi.org/10.2217/nnm-2017-0292
https://www.ncbi.nlm.nih.gov/pubmed/29376764
https://doi.org/10.3390/cells12111541
https://doi.org/10.1016/j.biomaterials.2022.121875
https://doi.org/10.3390/pharmaceutics15082124
https://www.ncbi.nlm.nih.gov/pubmed/37631339
https://doi.org/10.3390/ma6030817
https://www.ncbi.nlm.nih.gov/pubmed/28809342
https://doi.org/10.1016/j.pdpdt.2015.04.009
https://doi.org/10.3390/cancers15133427
https://www.ncbi.nlm.nih.gov/pubmed/37444537
https://doi.org/10.5946/ce.2013.46.1.7
https://doi.org/10.1002/ssu.2980110504
https://www.ncbi.nlm.nih.gov/pubmed/7569556

Brain Sci. 2023, 13, 1299 23 of 23

133. Vermandel, M.; Dupont, C.; Lecomte, F.; Leroy, H.A.; Tuleasca, C.; Mordon, S.; Hadjipanayis, C.G.; Reyns, N. Standardized
intraoperative 5-ALA photodynamic therapy for newly diagnosed glioblastoma patients: A preliminary analysis of the INDYGO
clinical trial. ]. Neurooncol. 2021, 152, 501-514. [CrossRef] [PubMed]

134. Hirschberg, H.; Serensen, D.R.; Angell-Petersen, E.; Peng, Q.; Tromberg, B.; Sun, C.H.; Spetalen, S.; Madsen, S. Repetitive
photodynamic therapy of malignant brain tumors. J. Environ. Pathol. Toxicol. Oncol. 2006, 25, 261-279. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11060-021-03718-6
https://www.ncbi.nlm.nih.gov/pubmed/33743128
https://doi.org/10.1615/JEnvironPatholToxicolOncol.v25.i1-2.170
https://www.ncbi.nlm.nih.gov/pubmed/16566723

	Introduction 
	Materials and Methods 
	A Review of the Literature 
	Application of Photodynamic Therapy 
	Photosensitizer 
	5-Aminolevulinic Acid 
	Temoporfin—THPC 
	Photofrin 
	Hypericin 
	Talaporfin 
	Other Photosensitizers 

	Third Generation Photosensitizers 
	Limitations of Photosensitizers 
	Optical Characteristics of Photosensitizers 
	Irradiation Conditions 
	Light-Delivery Systems 

	Limitations of this Study 
	Conclusions 
	References

