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Abstract

Glioblastoma (GBM), the most aggressive and lethal primary brain tumor, poses a significant therapeutic
challenge due to its highly invasive nature and resistance to conventional therapies, including surgery,
chemotherapy, and radiotherapy. Despite advances in standard treatments, patient survival remains
limited, requiring the exploration of innovative strategies. Photodynamic therapy (PDT) has emerged as a
promising approach, leveraging light-sensitive photosensitizers (PSs), molecular oxygen, and specific light
wavelengths to generate reactive oxygen species (ROS) that selectively induce tumor cell death. Originally
developed for skin cancer, PDT has evolved to target more complex malignancies, including GBM. The
refinement of second- and third-generation PS, coupled with advancements in nanotechnology, has
significantly improved PDT’s selectivity, bioavailability, and therapeutic efficacy. Moreover, the
combination of PDT with chemotherapy, targeted therapy, and immunotherapy, among other therapeutic
modalities, has shown potential in enhancing therapeutic outcomes. This review provides a comprehensive
analysis of the preclinical and clinical applications of PDT in GBM, detailing its mechanisms of action, the
evolution of PS, and novel combinatory strategies that optimize treatment efficacy. However, several
challenges remain, including overcoming GBM-associated hypoxia, enhancing PS delivery across the blood-
brain barrier, and mitigating tumor resistance mechanisms. The integration of PDT with molecular and
genetic insight, alongside cutting-edge nanotechnology-based delivery systems, may revolutionize GBM
treatment, offering new prospects for improved patient survival and quality of life.
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Graphical abstract. Integrating PDT with conventional and emerging therapies. PDT: photodynamic therapy; PS:
photosensitizer. Created in BioRender. Ibarra, L. (2025) https://BioRender.com/j94m405
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Introduction

It is widely recognized in the scientific community that treating glioblastoma (GBM) presents significant
challenges, where the therapeutic regimen known as the Stupp protocol only results in a survival of
14-16 months [1]. This substantial issue gives rise to numerous research opportunities in the search for
alternative therapies for this condition [2]. GBM is the most aggressive and lethal form of primary brain
tumor, with a median survival of less than 15 months despite current standard treatments involving
surgery, radiotherapy (RT), and chemotherapy (CTX). Recent advances in molecular and genetic profiling
have improved our understanding of GBM’s complex biology, highlighting the role of mutations in the
isocitrate dehydrogenase 1 and 2 genes (IDH1/2), MGMT promoter methylation, and other markers that are
central to GBM’s pathogenesis and resistance mechanisms [3]. However, effective treatments that can
significantly extend patient survival remain limited. One promising avenue is photodynamic therapy (PDT),
which is a minimally invasive medical treatment that leverages the interaction between a photosensitizing
agent, light, and molecular oxygen (0,) to produce reactive O, species (ROS) capable of selectively
destroying targeted cells [4]. The therapeutic potential of PDT was first recognized over a century ago, but
its clinical application began to gain significant momentum in the 1970s with the discovery of porphyrins as
effective photosensitizers (PSs). Initially developed for the treatment of skin cancers, PDT has evolved over
the decades to include a broader range of applications, from non-oncological conditions to various types of
cancer, including GBM, one of the most aggressive brain tumors [5, 6]. Early generations of PSs, like
hematoporphyrin (HP) derivatives (HpD), laid the foundation for PDT by demonstrating the ability to
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accumulate in malignant tissues. However, their limited tissue penetration and prolonged photosensitivity
hindered widespread use. As research progressed, second-generation PSs such as 5-aminolevulinic acid (5-
ALA) and its derivatives improved selectivity and efficiency, allowing deeper tissue targeting and fewer side
effects. Today, third-generation PSs are being developed, often in conjunction with nanotechnology, to
further enhance targeting capabilities, improve bioavailability, and minimize dark toxicity but in the best
scenario, there remain in preclinical trials [7]. Nanotechnology offers significant advantages in the
development of PSs for PDT, enabling enhanced precision, efficiency, and safety in treatment [8]. By
encapsulating PSs within nanocarriers, their solubility, stability, and bioavailability can be greatly
improved, overcoming limitations associated with traditional PSs from the first generations, such as poor
water solubility and rapid degradation. Nanoparticles (NPs) also provide the opportunity for image
processing [9], diagnosis [10], treatment [11], targeted delivery [12], reducing off-target effects [13], gene
transferring [14], and minimizing damage to healthy tissues [15], particularly in sensitive areas like the
brain. Cancer therapy targeting tactics can be classified into passive and active approaches, each possessing
distinct advantages and limitations in the context of brain tumors. Passive targeting utilizes the enhanced
permeability and retention (EPR) phenomenon, whereby NPs aggregate in tumor tissues owing to
compromised vasculature and deficient lymphatic outflow. This method encounters obstacles in brain
tumors because of the blood-brain barrier (BBB) and the diverse characteristics of tumor vasculature,
which frequently restrict efficient NP delivery. Active targeting employs ligands or antibodies coupled to
NPs to selectively attach to overexpressed receptors on tumor cells and endothelial cells of the BBB,
thereby promoting receptor-mediated transcytosis [7]. Although active targeting provides enhanced
selectivity and efficiency, it is frequently impeded by inadequate penetration into the tumor bulk and
possible off-target effects. Integrating both tactics with modern delivery systems and BBB-disrupting
approaches, such as targeted ultrasound (US) or receptor-mediated transcytosis, offers potential to
overcome these constraints. These methodologies can enhance the accuracy and therapeutic efficacy of NP-
based interventions for brain tumors, promoting the advancement of more effective treatments.

Furthermore, nanotechnology allows for multifunctional systems, integrating imaging agents, targeting
ligands, and therapeutic molecules into a single platform, thus enabling theranostic applications. These
advancements not only enhance the therapeutic efficacy of PDT but also allow for more precise control over
treatment parameters, such as light activation and ROS generation, paving the way for more personalized
and effective cancer therapies.

Over the decades, the clinical applications of PDT have expanded, with approvals for treating various
cancers, including lung, esophageal, and skin cancers, as well as ongoing trials for its use in treating brain
tumors like GBM. However, many of the PSs tested in clinical studies for glioma patients belong to the first
and second generations. Some of these studies show moderate efficacy and increased patient survival, but
many other studies have not been completed, or the results remain inconclusive.

The growing understanding of tumor biology and advances in molecular techniques have enabled
researchers to fine-tune PDT protocols, making it a promising complementary approach in cancer therapy,
especially for tumors resistant to conventional treatments. This review explores the potential of PDT in
GBM treatment with the most recent developments, focusing on its mechanisms, challenges, and the
evolving landscape of PSs across different generations. For the writing of this review, a comprehensive
analysis of articles related to the topic was conducted through a systematic search of scientific articles,
reviews, preclinical studies, and clinical trials. The main databases consulted were PubMed, Scopus, Web of
Science, and Google Scholar. Most of the included articles were published within the last 5-10 years, with a
focus on research detailing the combined use of PDT with other therapies. The keywords used in the search
were: malignant gliomas, GBM, photoassisted therapy, PDT, synergism, and pro-oxidant therapies, in all
possible combinations. Additionally, a special focus was placed on the combinatory option with other
therapies that have been investigated in recent years, demonstrating the versatility of light-assisted
technology in damaging tumor cells.
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Therapeutic implications of malignant glioma characteristics

Tumors located in the central nervous system (CNS) affect both the brain and spinal cord, with GBM being
among the most aggressive and incurable of these malignancies [16]. GBM are highly vascular tumors
characterized histologically by necrosis areas, microvascular proliferation, high mitotic rates, invasiveness,
pleomorphism, and nuclear atypia [17-19]. GBM is generally considered a spontaneous tumor. The only
confirmed risk factor at present is exposure to high-dose ionizing radiation [20]. Certain hereditary
syndromes, including neurofibromatosis, Li-Fraumeni syndrome, and von Hippel-Lindau syndrome, have
been shown to correlate with a minor percentage of GBM patients [21, 22]. Its development was associated
with dysregulation of the G1/S checkpoint in the cell cycle. Additionally, disruptions in tumor suppressor
pathways, including p53 and retinoblastoma (Rb), as well as mutations in genes regulating Rb, play a
crucial role in the pathogenesis of these tumors [23]. There is a correlation between human
cytomegalovirus (HCMV) and GBM development, as HCMV-encoded proteins activate intracellular signaling
pathways involved in mitogenesis, mutagenesis, apoptosis, inflammation, and angiogenesis [21].

Malignant gliomas have long been categorized into two categories based on variations in molecular
markers, clinical presentations, and disease progression. Primary GBM, commonly referred to as de novo
GBM, develops without any apparent precursor lesions [24]. These are more common, typically diagnosed
in patients over 50 years of age, and are associated with a more aggressive clinical course. These tumors
have a unique molecular profile characterized by specific genetic alterations, such as mutations in the TERT
promoter gene, loss of chromosome 10, suppression of the PTEN gene, amplification of the EGFR gene, and
the presence of the EGFRvIII mutation. These genetic alterations promote tumor growth and activate the
Shc-Grb2-Ras and phosphatidylinositol 3-kinase (PI3K) signaling pathways, resulting in increased ability to
form tumors, cell division, and resistance to cell death. It is important to note that primary GBM tumors do
not have mutations in the genes IDH1/2 [25]. In contrast, secondary GBM develops from pre-existing low-
grade or anaplastic astrocytomas and generally has a more favorable clinical course. These tumors are
characterized by mutations in codon 132 of IDH1 or codon 172 of IDHZ2 (IDH1/2 mutant), which inhibit the
activity of a-KG-dependent dioxygenases—key enzymes involved in hypoxia detection, histone
deacetylation, and DNA methylation. Additionally, secondary GBM frequently exhibits mutations in the
ATRX and TP53 genes [23, 25].

Since 2021, the classification of gliomas has undergone significant changes, with the WHO proposing a
new system based on molecular alterations, including IDH1/2 mutation status and 1p/19q co-deletion
status. This updated classification system categorizes diffuse gliomas into three distinct types:
oligodendroglioma with IDH1/2 mutation and 1p/19q co-deletion, astrocytomas with IDH1/2 mutations but
without co-deletion, along with TP53 mutations and ATRX loss; and GBM with wild-type IDH1/2. These new
categories replace the previous distinction between primary and secondary GBM and also exclude gliomas
with IDH mutations from the GBM group (Figure 1) [26].

The standard clinical treatment for patients with gliomas, regardless of their classification, typically
involves an initial surgical resection followed by ionizing radiation therapy, with doses of approximately
60 Gy. However, this treatment often yields suboptimal results, as tumors frequently recur, and RT
commonly causes toxic effects on neural tissue. Consequently, adjuvant CTX is employed, utilizing
alkylating agents to enhance patient survival [23, 25].

Advancements in molecular technologies have also facilitated the identification of key molecular
markers, such as the methylation of the MGMT gene promoter, which predicts the response to alkylating
CTX agents like temozolomide (TMZ). These markers enable the personalization of treatments and the
selection of more effective therapies for patients, thereby improving clinical outcomes. MGMT is a DNA
repair enzyme that can restore 0-6-methylguanine during genomic damage caused by alkylating agents
used in CTX [25]. Consequently, patients with methylated MGMT gene promoters are less likely to
effectively repair the damage caused by TMZ, making them more responsive to the treatment [17]. In
addition, IDH-mutant gliomas may respond differently to conventional therapies. For instance, they may
exhibit increased sensitivity to certain chemotherapeutic agents, and the mutation status can guide the
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Figure 1. Molecular and genetic features of malignant gliomas. The illustration shows three major types of gliomas:
oligodendroglioma, astrocytoma, and GBM—based on specific molecular and genetic markers. Oligodendrogliomas are
characterized by co-deletion of chromosomal regions 1p/19q and mutations in the IDH1/2 genes. Astrocytomas exhibit IDH1/2
mutations but lack the 7p/719q co-deletion. GBMs, on the other hand, are IDH wildtype and do not have 71p/79q co-deletion,
making them the most aggressive type. These molecular signatures play a key role in the diagnosis and prognosis of glioma
subtypes. BBB: blood-brain barrier; GBM: glioblastoma; IDH1/2: isocitrate dehydrogenase 1 and 2 genes. Created in
BioRender. Ibarra, L. (2025) https://BioRender.com/i19u738

selection of more effective treatment regimens. For this reason, the unique metabolic and molecular
characteristics of IDH1/2-mutant gliomas present opportunities for targeted therapies [27]. Ongoing
research is being conducted on drugs that are particularly engineered to block the IDH1/2 enzymes or to
offset the effects of 2-HG [3]. These medications possess the capacity to offer novel therapeutic options for
individuals impacted by these illnesses. The IDH mutation status is commonly used as a criterion for
classifying patients in clinical trials, which affects the development and evaluation of new therapies.
Evaluating the IDH mutation status in gliomas is crucial for determining its suitability for experimental
therapies and for reviewing clinical trial outcomes.

In this regard, Tumor-treating fields (TTFields) therapy is recognized as an effective adjunctive
treatment for newly diagnosed patients with GBM [28]. In these malignancies, TTFields are low-intensity,
intermediate-frequency alternating electric fields with a frequency of around 200 kHz, and the electric field
strength typically remains below 5 V/cm in most brain areas [29]. Recent long-term survival results from a
prospective study on TTFields have shown significant enhancements in overall survival (0S) and
progression-free survival (PFS) when combined with adjuvant TMZ, compared to TMZ alone, in newly
diagnosed GBM, integrated into standard therapy, without negatively impacting quality of life [30]. Some
retrospective investigations have begun the assessment of the correlation between TTFields and the
molecular characteristics of glioma malignancies, including IDH mutational status. Nonetheless, the
majority of these investigations remain in initial stages, with limited outcomes. A study conducted by Zhang
etal. [31] revealed that OS exhibited no significant relation with age, gender, Karnofsky performance status
(KPS) score, MGMT status, IDH status, EGFR status, 1p/19q deletion status, or TERT promoter status.

In contrast to conventional and adjuvant treatments, PDT is a non-invasive treatment that employs a
PS, light, and endogenous molecular O,. Although these components are individually non-toxic, when the PS
is exposed to light, ROS are generated, including superoxide anion and/or singlet 0, (*0,), which induce
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cytotoxicity and cell death. PDT was explored in the context of GBM management with some encouraging
results. However, many of these clinical studies have not gathered sufficient information to provide reports
on the success or failure of PDT with different PSs such as Photofrin and 5-ALA (NCT01966809,
NCT00118222, NCT00002647). Recently, the PS 3-(1-Butyloxy)ethyl-3-deacetyl-bacteriopurpurin-18-n-
butylimide methyl ester, commercially known as Photobac, has entered phase 1 clinical trials in the
recruitment stage (NCT05363826) as an adjuvant to resection of GBM. Similarly, 5-ALA HCl is in phase 1
clinical trials and the recruitment stage (NCT05736406) for GBM treatment is followed by standard
therapy. A completed clinical study (NCT03048240) yielded promising results using 5-ALA HCI in
combination with standard treatment, demonstrating increased survival without adverse effects, toxicity,
or mortality. The study reported a median OS of 23.4 months.

In the following sections, we will review and discuss the mechanistic aspects, main advantages, and
disadvantages of this therapeutic approach applied to malignant gliomas, as well as potential combinations
that have been explored with this photo-assisted therapy.

PDT: basics and main features for GBM treatment

PDT is a medical technique that uses light sources to trigger the activation of PSs for the treatment of cancer
and other disorders. This approach is non-surgical in most of the cases and minimally invasive. PDT has
received regulatory approval for the treatment of various cancers in several countries, though its specific
use for gliomas is still under clinical investigation. In the United States, the FDA has approved PDT for
cancers such as non-melanoma skin cancer, esophageal cancer, and non-small cell lung cancer, using PSs
like Photofrin. While PDT for gliomas has not yet received formal FDA approval, ongoing clinical trials are
evaluating its potential for treating GBM (NCT05736406, NCT05363826). Similarly, the European
Medicines Agency (EMA) has approved PDT for certain cancers with glioma-specific applications currently
in research. Japan, a leader in PDT innovation, has approved its use for cancers such as lung and gastric
cancers, and like the U.S. and Europe, is investigating PDT’s efficacy for malignant gliomas. With the
advancement of clinical research worldwide, it is expected that PDT would soon be established as a crucial
therapy choice for aggressive brain cancers such as GBM as an adjuvant therapy.

PDT offers a promising approach for treating malignant gliomas by using light-sensitive compounds to
generate massive ROS that selectively target and destroy tumor cells [32]. This minimally invasive
technique allows for precise control of treatment, reducing damage to surrounding healthy brain tissue,
and shows potential in overcoming the challenges of conventional therapies, such as drug resistance and
limited efficacy in highly aggressive tumors like gliomas.

A PDT protocol for glioma treatment involves selecting a PS, such as porphyrin-based compounds or
prodrugs, that preferentially accumulates in glioma cells. After oral, systemic, or local administration, a
waiting period allows the PS to clear from healthy brain tissue. The tumor o remaining tumor cells after
surgery are thereafter illuminated with light of a specified wavelength, carefully selected light intensity,
usually employing red or near-infrared radiation (NIR), to trigger the activation of the PS [33]. Real-time
monitoring and imaging guide the treatment, and post-treatment care includes monitoring for side effects
and assessing tumor response [34]. One of the benefits of PDT is its adaptability, as it can be administered
in either a single or multiple sessions, dependent on the tumor’s characteristics.

An ideal PS must possess several essential attributes. It should be readily accessible from widely
available precursors and demonstrate high quantum efficiency for !0, production (®A). The absorption
range for ideal PS must be between 680 and 800 nm, accompanied by a high molar extinction coefficient (€
max). Another characteristic is that PS must efficiently accumulate in cancer cells while exhibiting little
dark toxicity in other organs and tissues. Additionally, it should be easy to administer, soluble in body
fluids, and readily eliminated from it.

PDT can eradicate tumor cells via three established mechanisms: (a) direct cellular destruction of
tumor cells through different types of cell death, (b) vascular impairment involving blood vessel
destruction, alterations in barrier function, constriction of arteriolar vessels, thrombus formation, and
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stasis of blood flow, and (c) inflammation coupled with the activation of the immune response (Figure 2).
The anti-vascular function is interesting to discuss if it is truly a desired mechanism of PDT in this type of
tumor. It will be discussed later in the review.
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Figure 2. Mechanism of photodynamic therapy (PDT) in glioblastoma (GBM). Upon light activation, the photosensitizer (PS)
transitions from its ground state (PS?) to a short-lived first excited singlet state (PS"). The PS' can return to PS° by emitting a
photon (fluorescence) or through internal conversion. Alternatively, the PS' can transition to an excited triplet state (T, or PS3)
via a process known as intersystem crossing. The PS? state has a sufficiently long half-life to participate in subsequent chemical
reactions, meaning that photodynamic action is mostly mediated by the PS in this energetic state. The PS® can react with a
substrate (water or biomolecule) by donating or receiving electrons and/or abstracting a hydrogen atom, thereby generating
radical ions or neutral radicals. These radicals, in turn, can react with oxygen (O,) to produce reactive O, species (ROS) either
directly or indirectly, such as superoxide anion radical (O,*—), hydrogen peroxide (H,0,), hydroxyl radical (HO*), peroxyl radical
(ROO¢), alkoxyl radical (RO-), and others. In the presence of O,, type Il reactions lead to the generation of singlet O, ('0,) by
energy transfer. These processes trigger inflammation, destruction of tumor vasculature, and various cell death mechanisms,
including apoptosis, necrosis, ferroptosis, and autophagy. The breakdown of tumor vessels increases vascular gaps and
facilitates the opening of the BBB, further enhancing treatment efficacy. Inflammatory responses also recruit immune cells such
as neutrophils and macrophages, contributing to tumor destruction. Created in BioRender. Ibarra, L. (2025) https://BioRender.
com/d72i758

ROS and !0, generated in the final stages of PDT process are highly cytotoxic, triggering mainly
apoptotic, necrotic, or autophagy-related cell death mechanisms in tumor cells through oxidative processes.
The extent and type of cell death depend on factors such as the subcellular localization of the PS, the
oxidative stress intensity, and the tumor microenvironment (TME). Protein and membrane damage play a
key role in optimizing the cytotoxic efficiency of PDT. When PDT-induced oxidative stress is moderate,
mitochondria-mediated apoptotic pathways are activated. 10, and ROS damage mitochondrial membranes,
leading to cytochrome c release and activation of caspases, such as caspase-9 and caspase-3. This process is
observed in GBM cells treated with PS that preferentially localize in mitochondria, such as Photofrin or
porphyrin-based compounds [35]. At higher oxidative stress levels, excessive ROS production disrupts
cellular homeostasis, leading to rapid ATP depletion and plasma membrane rupture. This form of cell death
is common in PDT regimens with high fluence rates or in cells with defective apoptotic pathways [36, 37].
Studies in GBM models show that necrotic death is often associated with oxidative damage to proteins [38].
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PDT can activate autophagy as either a pro-survival or pro-death pathway, contingent upon ROS levels.
In GBM, sublethal oxidative stress stimulates autophagic flux, resulting in the destruction of impaired
organelles and proteins. Excessive autophagy can lead to autophagic cell death, marked by the buildup of
autophagosomes and the lysosomal destruction of vital cellular components. This has been shown in GBM
cells subjected to Hypericin (HYP) PS [39].

Currently, studies on new mechanisms of cellular damage with different PS that had already reported
inducing a type of cell death continue to be conducted, demonstrating the triggering of new mechanisms of
cellular damage and new pathways of cell death [40-42]. In the case of ferroptosis, phospholipid alterations
result from lipid peroxidation, a process initiated by the generation of free radicals and 10,. Once initiated,
this mechanism becomes autocatalytic, leading to the formation of hydroperoxides and other byproducts
[43, 44]. This oxidative lipid damage is particularly relevant, as it leads to the accumulation of lipid
peroxides beyond the capacity of cellular antioxidant systems, such as glutathione (GSH) peroxidase 4
(GPX4), to neutralize them. In ferroptosis, these oxidative processes drive the peroxidation of
polyunsaturated fatty acids (PUFAs), a key step in the loss of membrane integrity. Irreversible damage
occurs when a hydrogen atom is abstracted from an unsaturated fatty acid or lipid with hydrogen (LH),
generating a lipid radical (Le), which subsequently combines with an 0, molecule to form a peroxyl radical
(LOOQe). This radical can further react with another LH fatty acid, initiating a new oxidation cycle that
generates additional lipid hydroperoxide (LOOH) and Le [45]. During the propagation phase, the LOOe
initiates new oxidation chains, while lipid hydroperoxides decompose into other intermediate radicals. In
light-induced reactions, alkoxides are generated through direct contact between the triplet-state PS, lipid
double bonds, and lipid hydroperoxides, leading to chain fragmentation by cleavage. The accumulation of
truncated lipid aldehydes and other oxidation products exacerbates lipid membrane destabilization,
triggering membrane rupture and subsequent cell leakage, hallmarks of ferroptosis. Ultimately, this
uncontrolled lipid peroxidation overwhelms cellular repair mechanisms, culminating in iron-dependent
oxidative cell death, which is a defining feature of ferroptosis [2, 46]. This offers opportunities based on the
research conducted by Xu et al. [47], who developed nanocomposites (NC) that can traverse the BBB and
specifically target GBM by adhering to an albumin-binding receptor that is highly expressed in both the BBB
and GBM. Upon laser irradiation, the ROS-generating PS HYP, encapsulated within the NC, interacts with the
ferroptosis inducer erastin to elicit a synergistic anti-GBM effect through PDT and ferroptosis, therefore
suppressing GBM proliferation via excessive ROS generation.

Over the years, different generations of PSs have been developed (Figure 3), each addressing the
limitations of their predecessors. First-generation PSs were the pioneers in clinical PDT applications but
were hindered by suboptimal pharmacokinetics and low ®A. In response, second-generation PS was
introduced, designed with improved chemical properties, such as higher selectivity and better tissue
penetration. More recently, third-generation PSs have been developed, integrating features like targeted
delivery and multifunctional capabilities to enhance both therapeutic efficacy and safety. In the following
section, the different PSs explored in the context of malignant gliomas will be described.

While both normal and malignant cells can produce ROS, the concentration of some PS, particularly
third-generation nano-based PS, is generally much higher in tumors due to the EPR effect. This process
enables PS to persist in the afflicted tissue for an extended period, hence decreasing their presence in
healthy cells and mitigating adverse effects [48-50]. Moreover, the coupling of PS with NPs and other
ligands, including monoclonal antibodies (mAbs), enhances its distribution and precise targeting to
malignant cells [12]. Due to the elevated or differential expression of antigens and receptors in GBM cells,
PS engineered to identify these biomarkers can be selectively internalized through endocytosis. This
facilitates the formation of ROS primarily in tumor cells upon light activation, leading to their demise while
preserving adjacent healthy tissue. Additionally, the use of nanotechnology in the delivery of photodynamic
drugs enhances the pharmacokinetics and biodistribution of PS, thereby increasing their therapeutic
efficacy. Advanced strategies, such as the conjugation of PS with NP targeting specific tumor receptors,
further improve selective accumulation in GBM cells, ensuring a more precise and effective treatment.

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 8



Set¥rn N ) )
Ssoha S — —
/’, o ] 4
Photofrin }..?:”’\.k ~
1980 1990 2000 2020 - to the
| | present
TR N B RN L1
4 ) :Y;‘ //’/ \\
I £ @R O
o \:"i‘> \A// \\\,,/ ;
5-ALA Q y§ =7 N\
@) )
— =/
Q Clinical : Preclinical |- V “ In vitro ::‘.:: nanol;)ig:(tjicles @iy ?lﬂ:.:gg:::gri Q IONPs

Conjugated
polymer
l;bieb

Polymeri
eYeLE T ;400nm 635nm ;635nm; 540nm ;460m ; 425nm

Figure 3. Overview of photosensitizer (PS) in photo-assisted therapies for gliomas in various stages of research and
development. The image illustrates different types of PS from the first, second, and third generation used in clinical, preclinical,
and in vitro studies, highlighting their applications in glioma treatment. Nanoparticle types include conjugated polymer
nanoparticles, polymeric nanoparticles, lipid nanoparticles, multifunctional nanoparticles, and iron oxide nanoparticles (IONPs).
Light activation wavelengths are shown for different PSs, including 400 nm, 425 nm, 460 nm, 540 nm, and 635 nm, representing
the excitation required for PDT in these systems. 5-ALA: 5-aminolevulinic acid. Created in BioRender. Ibarra, L. (2025) https://
BioRender.com/g70f990

First-generation PSs in GBM

First-generation PSs include natural porphyrins such as HP and its purified derivatives, such as sodium
porfimer (Photofrin) [51]. Porphyrins are aromatic compounds consisting of four pyrrole rings joined by
methine bridges. They have unique optical properties, such as a complex absorption spectrum due to their
electronic structure and a fixed absorption wavelength in the visible region. Their absorption spectrum lies
in the 380-500 nm region with high intensity, and the Q-bands, located between 500 and 750 nm, have
lower intensity. Most of these PSs, due to their lipophilic nature, need to be encapsulated in nanocarriers
[52]. The use of HpDs in malignant neoplasms was first reported in the early 1960s, and their application as
PSs in gliomas began about a decade later. By the 1980s, first-generation PS had been clinically tested for
the treatment of malignant gliomas in several countries, including Italy, Australia, and the United States,
with reports of successful therapy. Despite these promising outcomes, the chemical properties of these
compounds limit their efficacy as ideal candidates for PDT. Specifically, they exhibit low therapeutic
efficiency and a low ®A [53]. While these compounds demonstrate strong absorption around 400 nm, their
absorption at longer wavelengths is less strong and even limited [54].

Second-generation PSs in GBM

Second-generation PSs exhibit greater purity, enhanced efficiency in ROS production, and improved tumor
selectivity, while reducing adverse effects. These PS include porphyrin-based structures and precursors,
such as 5-ALA, temoporfin, boronated porphyrins, benzoporphyrin derivatives, and chlorins like sodium
talaporfin. Second-generation PS possesses phototoxic properties at longer wavelengths (600-800 nm) and
can be excited with lower energies (up to 20 J/cm?), allowing for deeper penetration into tumor tissues.
Over the past three decades, these PS have been clinically evaluated for the treatment of gliomas [54-57].
Additionally, other second-generation PS, such as metallophthalocyanines like chloro-indium-

phthalocyanine [58], have been extensively studied for brain tumors in both pediatric and adult patients
[53].
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5-ALA is one of the most commonly employed PS for the treatment of malignant gliomas. As a non-
photoactivatable prodrug in PDT, 5-ALA is metabolized into protoporphyrin IX (PpIX) through the heme
biosynthesis pathway, which naturally occurs in the mitochondria from glycine and succinyl CoA. When
exogenous 5-ALA is administered in excess, PpIX accumulates within the mitochondria because the
biosynthetic conversion to heme, necessary for its removal, is limited [59]. Neoplastic tissues, in particular,
produce an excess of PpIX compared to surrounding normal tissues. This selective accumulation is due to
the fact that malignant tissues exhibit reduced ferrochelatase activity (the enzyme responsible for
converting PpIX to heme), while the activity of porphobilinogen deaminase (PBG-ase), an enzyme involved
in heme synthesis, is increased [32]. This imbalance favors the selective accumulation of PpIX in tumor
cells, creating a differential gradient of protoporphyrin concentration between normal and malignant
tissues. Consequently, the active PS accumulates predominantly within tumor cells, enabling PDT to
selectively target and destroy these cells [60]. Nonetheless, the ability of 5-ALA to produce elevated levels
of ROS is constrained, presenting a drawback to its therapeutic effectiveness. The photoactivation of 5-ALA
occurs primarily at a wavelength of 635 nm [61]. However, some studies have also demonstrated that the
PS can achieve excitation through two-photon excitation (TPE). TPE involves the simultaneous absorption
of two photons, with each photon contributing half of the energy required to excite the PS. This method
offers advantages such as enhanced light penetration in tissues, which is beneficial for deeper therapeutic
effects [62].

One limitation of 5-ALA is its zwitterionic and hydrophilic nature at physiological pH, which restricts
its ability to cross cellular biological barriers [63]. Based on this knowledge, attempts have been made to
demonstrate the ability of ALA to cross the BBB and its selectivity towards tumor cells in the brain
parenchyma, as it is a prodrug used clinically for photodiagnosis [64]. Studies have shown that it crosses
the BBB to a limited extent via passive diffusion, although with a slow influx rate constant [65]. A recent
immunofluorescence examination in patients using antibodies that target various components of the BBB
indicated that 5-ALA does not penetrate the intact BBB, notwithstanding its diminutive size. The
fluorescence of PplX caused by 5-ALA is well-established in high-grade glioma (HGG) surgery with a
disrupted BBB, but its utility is constrained in low-grade glioma surgery, particularly when the BBB
remains intact [66].

Furthermore, tumor hypoxia may exacerbate during PDT, perhaps due to 0, consumption for ROS
formation or indirectly through impaired blood flow in tumor vasculature resulting from endothelial injury.
This reduction in O, supply represents a significant obstacle to the efficacy of 5-ALA-based PDT, limiting the
generation of cytotoxic ROS and, consequently, its full therapeutic potential [67].

An intriguing study by Jones et al. [68] demonstrated that glioma cells previously exposed to 5-ALA
release extracellular vesicles (EVs) that carry disease fluorescence biomarkers, such as PplX-incorporated
PS. The researchers evaluated both animal and human models to explore whether 5-ALA-treated glioma
cells, in vitro and in vivo, release PplX-positive EVs into the circulation. These EVs were captured and
analyzed, highlighting the potential of plasma-derived, PpIX-positive EVs as a diagnostic tool for malignant
gliomas. This approach presents a novel liquid biopsy platform for confirming and monitoring tumor status,
offering a less invasive method for diagnosis and disease tracking and validating PpIX positive EVs crossing
BBB, which were first developed into glioma cells.

Third-generation PSs in GBM

In the early 2000s, in vitro studies on PDT for GBM focused on third-generation PSs, which offered greater
local specificity or selectivity, improved cellular internalization, and more efficient retention of the PS [53].
These third-generation PSs are made from or employ various delivery vehicles, including polymer- or lipid-
based NPs, liposomes, organometallic complexes, albumin- or antibody-conjugated nanospheres and
nanocapsules, micelles, dendrimers, nanocrystals, and gold NPs. Currently, no third-generation PSs have
received approval for clinical application in PDT for humans.
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Nanomaterials can be synthesized from a wide variety of both natural and synthetic materials. NPs are
relatively easy to fabricate, facilitating the targeted delivery of various agents. NPs can be used as PS due to
several factors such as high surface-to-volume ratio. Their large surface area relative to volume allows for
significantly enhanced delivery of PS to target cells [69]. In a recent study, chlorophyll a derivative named
pyropheophorbide a 17-diethylene glycol ester (XL) was encapsulated in poly(lactic-co-glycolic acid)
(PLGA) NPs increasing XL solubility and selective tumor-targeted accumulation [70]. Encapsulation within
NPs can protect the PS from premature degradation or inactivation by biological components such as blood
plasma proteins. This prolongs the PS’s stability and ensures its accumulation in tumor tissue [71].
Furthermore, the optimal PS has amphiphilic characteristics, indicating solubility in both aqueous and lipid
environments, possesses minimal dark toxicity and significant photocytotoxicity, maintains stability during
storage, and is economically viable [70]. PS-loaded NPs may be efficiently delivered via the circulatory
system to the tumor site, and for malignant gliomas, these PSs facilitate traversal of the BBB to target GBM
cells [72, 73]. To optimize biological distribution, pharmacokinetics, cellular uptake, and NP targeting,
various functional groups or targeting fragments can be added to the particle surface to increase tumor
active targeting [12, 74].

Different second-generation PSs with notable photodynamic capabilities have been encapsulated to
enhance specific suboptimal qualities, resulting in the creation of several NP-based delivery systems for
these molecular drugs. Conversely, a distinct category of nanoparticulate materials has arisen as third-
generation PS, which could not be utilized as conventional molecular PS. We shall delineate several
pertinent examples from recent preclinical experiments. The incorporation of nanocarrier systems in PDT
aims to improve the selectivity and efficacy of treatment. These systems facilitate targeted delivery of PS to
the tumor, enhancing selective accumulation and reducing systemic side effects.

Inorganic NPs

Titanium oxide (TiO,) NPs serve as PS that, upon ultraviolet (UV) light irradiation, generate ROS, leading to
tumor cell death. Studies have demonstrated their efficacy in reducing glioma cell viability in vitro [75, 76].
Gold NPs, known for their unique optical properties, can be functionalized with PS to enhance tumor
targeting, generating both heat and ROS upon irradiation to induce apoptosis [77]. Additionally, quantum
dots, semiconductor nanocrystals, offer potential for PDT activation and biomedical imaging, further
advancing NP-based PDT approaches [78].

5-ALA-loaded NPs

5-ALA is a recognized prodrug utilized in PDT for gliomas due to its capacity to preferentially stimulate the
synthesis of PpIX. However, its clinical efficacy is often limited by challenges such as low bioavailability and
poor accumulation at the tumor site. To overcome these limitations, recent advancements have focused on
incorporating 5-ALA into NP-based delivery systems [79]. One promising approach involves loading 5-ALA
into periodic mesoporous organosilica (PMO) NPs, coated with Prussian blue (PB), which enhances cellular
uptake, increases PpIX production, and improves oxygenation at the tumor site, thereby boosting the
overall efficacy of PDT. These systems not only offer enhanced biocompatibility but also address key
challenges such as the decomposition of hydrogen peroxide (H,0,) into O,, further improving treatment
outcomes in gliomas [80].

Biodegradable polymeric NPs are attractive materials for encapsulating PSs, as many have already
received FDA approval. For example, anti-PD-L1 antibody, 5-ALA, and magnetic NPs (MNPs) were self-
assembled in the presence of biodegradable poly(y-glutamic acid) (y-PGA). Subsequently, the bradykinin
B1R ligand des-Arg9-kallidin (d-K) was conjugated to the surface to create the final NPs capable of
traversing the BBB. Upon excitation with a 980 nm laser, GBM cells underwent apoptosis [81]. The
immunogenic cell death (ICD) triggered an inflammatory response that activated the TME, thereby
promoting increased infiltration of cytotoxic T lymphocytes (CTLs) into the GBM. These NPs could serve as
an effective platform for overcoming barriers in GBM immunotherapy.
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Berberine-loaded NPs

Berberine (BBR) is an isoquinoline alkaloid found in the Annonaceae and Ranunculaceae families [82]. This
natural chemical is traditionally utilized in Chinese medicine and has been shown to cross the BBB,
demonstrating advantageous effects in the CNS [83]. Its use in PDT is more recent and experimental [84].
Due to the limited solubility of BBR, its reduced oral bioavailability, and the exocytic activity of P-
glycoproteins in cancer cell membranes, the overall therapeutic efficacy of BBR is relatively low. To address
these limitations, BBR has been encapsulated into NPs. Hydrophobic salts of BBR, such as dodecyl sulfate
(S) and laurate (L), were encapsulated in PLGA-based NPs and coated with chitosan by adding chitosan
oleate during preparation. These BBR-loaded NPs efficiently internalize in T98G GBM cells. Among the BBR
NPs, BBR-S exhibited the highest efficiency in inducing cytotoxic events, leading to its selection for
evaluating the effects of PDT. PDT significantly enhanced the reduction in cell viability of BBR-S NPs at all
studied concentrations, achieving an approximate 50% reduction in viability. Importantly, no significant
cytotoxic effects were observed in normal primary astrocytes. In GBM cells, a notable increase in both early
and late apoptotic events was recorded with the use of BBR NPs, further amplified by PDT application.

Conjugated polymer NPs

Conjugated polymers (CPs) and the NPs derived from them (CPNs) represent a promising frontier in PDT
due to their unique optical properties and biocompatibility [85, 86]. These polymers exhibit strong light
absorption and efficient energy transfer capabilities, which are critical for generating ROS upon light
activation [87]. When formulated into NPs, these CPs can enhance the delivery of PSs directly to tumor
sites, increasing therapeutic efficacy while minimizing damage to surrounding healthy tissues [88].
Additionally, the ability to functionalize these NPs with targeting ligands allows for selective accumulation
in cancer cells, making them a powerful tool for localized treatment in various malignancies, including GBM
[12]. As research advances, the potential of CP NPs in PDT continues to expand, paving the way for
innovative approaches in cancer therapy. Among different CPs, poly(9,9-dioctylfluorene-alt-
benzothiadiazole) (F8BT) was extensively used to synthesize CPNs for bioimaging and PDT applications
[89-91]. In order to improve ®A, volumetric doping with platinum octaethylporphyrin (PtOEP) was
performed. These systems were developed with the aim of generating 0, in an amplified manner
compared to the CP alone and the porphyrin alone [92]. By integrating CPs with traditional PSs, these novel
formulations enhance the production of ROS upon light activation, thereby increasing the efficacy of PDT
[87]. This synergistic effect not only improves the therapeutic potential against cancer cells but also
facilitates more efficient energy transfer and greater light absorption, making these advanced systems a key
innovation in the field of PDT [93]. Additionally, poly(styrene-co-maleic anhydride) (PSMA) was
incorporated to achieve colloidal stability in high-strength aqueous media of CPNs [12, 36]. CPNs were
evaluated at different concentrations in GBM cell lines (U87MG, T98G, and MO59K) using both low-
intensity and conventional irradiance light energy. For these types of NPs, the low-intensity irradiance
modality was the most efficient to activate it and eradicate GBM cells in vitro and in vivo [36]. A limitation
of the application of this type of NPs in the clinic is the lack of rigorous studies regarding their elimination
from the body, adverse effects in vivo experiments, and preclinical toxicological studies that validate their
therapeutic potential and safety.

Graphene-based NP PS

Graphene is a novel nanomaterial that has garnered significant interest in the scientific community owing
to its remarkable physical and chemical properties. Graphene-based materials are often developed as smart
platforms for nanocarriers and targeted drug delivery. This material possesses delocalized 1 bonds that
account for its distinctive electrical characteristics, enabling graphene to heat under near-infrared
irradiation. A significant production of ROS products is also common [94]. Akhavan et al. [95] reported the
application of reduced graphene oxide nanoribbons functionalized with amphiphilic polyethylene glycol
(rGONR-PEG) and an arginine-glycine-aspartic acid (RGD)-based peptide to target av33 integrin receptors
on the human GBM cell line U87MG, exhibiting cytotoxic effects while maintaining low cyto- and
particularly geno-toxic effects. Graphene-based NPs enhance electron transfer processes, increasing ROS
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generation during PDT following covalent and doping interactions with other molecular components [96-
99].

Graphene-based nanomaterials offer significant advantages for GBM treatment by integrating PDT and
photothermal therapy (PTT) into a single platform. Their exceptional optical properties enable efficient
absorption of NIR light, facilitating both the generation of ROS for PDT-induced oxidative stress and
localized hyperthermia (HPT) for PTT-mediated tumor destruction. The synergistic combination of PDT
and PTT enhances therapeutic efficacy by inducing multiple cell death pathways, overcoming glioma
resistance mechanisms such as hypoxia, and minimizing damage to surrounding healthy tissues [97, 100].
This multifunctional approach positions graphene nanomaterials as promising candidates for advanced
GBM treatment.

Graphene-based materials have emerged as highly versatile tools in biomedical applications,
demonstrating unique capabilities in two distinct domains such as PDT for cancer treatment and electrical
stimulation for neuronal differentiation and regeneration [101]. Their multifunctionality arises from their
exceptional physicochemical properties, including high electrical conductivity, mechanical strength,
biocompatibility, and tunable surface characteristics [102]. These properties may enable graphene-based
materials to serve as both PS in PDT and as active components in neural tissue engineering. Different
scaffolds incorporating graphene-based nanomaterials were able to induce neuronal differentiation
through their unique physical features, such as surface porosity and nanoscale wrinkles, which mimic the
extracellular matrix and provide mechanical cues for cell adhesion and proliferation [103-105].
Additionally, these materials can be used as electrodes to deliver electrical stimulation, which has been
shown to enhance neuronal differentiation and axon outgrowth [106]. This application does not require
light activation and instead focuses on creating a conducive microenvironment for neural tissue repair.
However, in the future, a scaffold could be envisioned that allows for the elimination of residual tumor cells
after surgical resection and subsequently continues to be used to stimulate neuron proliferation at the
affected site. This requires further research.

Multifunctional NP-based PS for enhanced therapeutic efficacy

Most recent findings on enhancements in PS design and development for glioma treatment are predicated
on multiple attack NPs activated by light. By integrating photosensitizing agents into multifunctional
nanocarriers, these systems improve PS solubility, stability, and tumor-targeting capabilities, overcoming
limitations such as poor bioavailability and off-target effects. Additionally, NP-based PS can be engineered
to facilitate controlled drug release, optimize light absorption, and enhance ROS generation, leading to
more effective tumor eradication. Their multifunctionality also allows for the incorporation of imaging
agents and therapeutic molecules, enabling real-time tumor monitoring and synergistic treatment
approaches [107]. This innovative platform holds significant potential for improving PDT outcomes in GBM,
offering a more precise and effective alternative to conventional therapies. The advancement of accurate
intraoperative imaging and postoperative residual extraction methods will enable the complete eradication
of GBM. Recently, Chen et al. [108] developed a self-disassembling porphyrin lipoprotein-coated calcium
peroxide (Ca0,) NP (PLCNP) to target GBM, facilitating fluorescence-guided surgery (FGS) and enhancing
PDT for residual GBM by mitigating hypoxia. The Ca0, cores were able to release H,0; in the lysosome,
which is then degraded into O, providing an important and lacking substrate in GBM. This innovative
method may function as an integrated nanotheranostic platform for facilitating accurate GBM resection and
enhancing post-operative PDT.

A significant constraint for PDT is the penetration of light required to activate PS. To address this
obstacle, the domain of light-activatable nanotheranostics has arisen as a promising approach, utilizing the
distinctive characteristics of light to penetrate deeper into brain tissues and kill GBM at the molecular level
noninvasively. This factor is especially vital for overcoming the problems presented by the skull as an
obstruction in the treatment of GBM. NIR light has attracted considerable interest due to its capacity to
enter biological tissues deeply with minimum absorption, facilitating the non-invasive activation of PS
nanomaterials. As the wavelength extends further into the NIR spectrum, encompassing NIR-I
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(650-950 nm), NIR-II (1,000-1,350 nm), and NIR-III (1,550-1,800 nm) biological windows, the depth of
tissue penetration increases [109]. Recent findings revealed that europium hexaboride (EuBg) NPs,
classified as rare-earth boride-based NPs, can sensitize the production of 10, upon NIR-II 1,064 nm
photoexcitation and facilitate the generation of hydroxyl radical (HOe) using NIR-III 1,550 nm light.
Furthermore, in vivo experiments demonstrated a twofold increase in the average half-life for treated mice
compared to the control group in an irradiation protocol without skull injury [110].

A promising and innovative approach recently explored in GBM treatment involves the enhancement of
PS nanomaterials through advanced active targeting strategies. One of the most effective methods to
achieve this involves the functionalization of NPs with cell membranes and EVs, improving their selectivity,
biocompatibility, and therapeutic efficacy. In one direction, the use of cell membrane-coated NPs allows PS
nanomaterials to mimic the biological properties of native cells, enhancing their ability to evade immune
detection and prolong circulation time. Using cell membranes instead of whole cells in NP functionalization
offers several key advantages such as reduced risk of immune response and long-term storage. Different
cell types were utilized as cell membrane donors for GBM management, including macrophages [111],
neutrophils [112], and tumor cells [113]. These investigations demonstrated the penetration of the BBB
and increased accumulation of NPs in GBM cells.

On the other hand, EVs, including exosomes, serve as natural carriers for PS delivery due to their high
biocompatibility, ability to cross the BBB, and selective uptake by tumor cells. Coating NPs with EVs
involves a combination of biological isolation, chemical modification, and bioengineering techniques to
ensure efficient attachment and functional integration [114]. Multiple approaches have been reported for
loading therapeutic cargo such as small molecule drugs, including PS into EVs. These approaches can be
categorized as pre-loading and post-loading methods. Pre-loading is based on co-incubation or transfection
of donor cells with the PS cargo to generate EV-decorated NPs into cells [115]. However, a more uniform
and controllable method with greater possibilities for subsequent modifications requires first obtaining the
EVs and then fusing or loading them with the desired PS [116, 117].

Dyes as non-conventional PSs for GBM

Recent research has begun to explore the potential of non-traditional dyes as PSs in PDT, broadening the
scope of available agents beyond the commonly used porphyrins and phthalocyanines (Pcs). These
alternative dyes, which may include natural pigments, organic dyes, and synthetic compounds, offer unique
optical properties and mechanisms of action that can enhance the efficacy of PDT. Their diverse absorption
spectra and improved solubility characteristics may facilitate better tissue penetration and targeted
delivery, potentially leading to more effective treatment outcomes. As studies progress, these innovative
PSs hold promise for overcoming the limitations of conventional agents and expanding the therapeutic
options for various malignancies. For example, in order to illustrate the combined impact of acridine orange
(AO) and light on 373 MG GBM cell lines, AO was employed as a PS. AO is a non-porphyrinic aniline dye that
possesses unique properties in comparison to other PSs. AO is a hydrophobic base with a low molecular
weight (265 g/mol), which enables it to swiftly accumulate in lysosomes, enter the cytoplasm, and cross the
plasma membrane. This capacity to accumulate in lysosomes, which are characterized by a highly acidic
environment, is crucial for the successful process of photosensitization [118]. In this study, AO was able to
dramatically induce cytotoxic effects after exposure to 10 minutes in GBM cells in vitro.

Curcumin (Cur), a bioactive polyphenol extracted from the rhizome of turmeric (Curcuma longa L.),
possesses the capability to successfully penetrate the BBB. The therapeutic efficacy of Cur, both in the
absence and presence of blue light, was assessed in T98G GBM cells [119]. Cur demonstrated a
photodynamic impact by inducing ROS-mediated apoptosis through the downregulation of the MMP2 and
MMPO pathways. Cur is typically photoactivated at a wavelength of 420 nm, corresponding to the blue
region of the visible light spectrum; however, photoactivation using NIR has been shown to enhance
cytotoxic and cytostatic effects in GBM cells [38]. NIR irradiation will be more suitable for GBM treatment
due to its superior tissue penetration capabilities.
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Methylene blue (MB), an FDA-approved drug used to treat conditions such as cyanide poisoning,
carbon monoxide poisoning, and methemoglobinemia, has shown promise as a PS for PDT in the treatment
of gliomas. In the context of brain diseases, controlling angiogenesis and maintaining BBB permeability
presents a significant challenge, which may be addressed by regulating the metabolic status of cerebral
endothelial cells (CECs). Such regulation directly influences angiogenic mechanisms and BBB permeability
within the glioma microenvironment. In vitro studies have shown that the application of MB or laser
irradiation by itself induces a shift in the redox status of CECs towards increased reducing activity, without
causing cell damage. However, the combined application of MB and laser radiation exerts the opposite

effect, leading to an increase in the oxidized form of the FAD coenzyme and ultimately resulting in cell death
[120].

Clinical investigations concerning PDT treatments for malignant gliomas

PDT has emerged as a promising adjunctive treatment for malignant gliomas, with several clinical trials
conducted worldwide. The contributions of research groups from Japan, Germany, Scotland, Canada, and
Austria stand out. The contributions of Stummer’s German group to PDT in malignant gliomas are
significant, particularly through their pioneering work on the use of 5-ALA for FGS. Their landmark study
demonstrated that intraoperative fluorescence could enhance the resection of HGGs by clearly
distinguishing tumor tissue from healthy brain tissue, which is crucial for improving surgical outcomes
[121]. Stummer and his team conducted a phase III clinical trial that highlighted the benefits of 5-ALA-
induced fluorescence, showing that it significantly increased the extent of tumor removal compared to
conventional techniques [122]. The study reported improved PFS rates among patients treated with
fluorescence-guided resection (FGR), establishing a new standard of care for glioma surgeries. Additionally,
their research has explored the combination of PDT with CTX, further enhancing the efficacy of treatment
regimens for malignant gliomas [122, 123]. This group examined the potential of PpIX as a serum marker
for HGGs to monitor recurrence [124]. Patients [HGG: n = 23 pediatric (pHGG); n = 5 recurrent (rHGG)] who
underwent FGR received 5-ALA following the standard clinical procedure. The control group of eight
healthy volunteers (HCTR) also received 5-ALA. Serum was collected before and repeatedly up to 72 h after
drug administration. A significant accumulation of PpIX in HGG was observed following 5-ALA
administration [analysis of variance (ANOVA): p = 0.005, post-hoc: HCTR vs. pHGG p = 0.029, HCTR vs.
rHGG p = 0.006]. Baseline PpIX levels were similar between patient and control groups. Therefore, 5-ALA is
required for PpIX induction, which is safe at the standard clinical dose. PpIX may be a novel target for liquid
biopsy in gliomas, so larger clinical studies are required to fully characterize its potential.

Another study by Pepper et al. [125], in which this PS was used, was the one in phase I/1l conducted at
the University Hospital of Miinster, which evaluated the combination of oral 5-ALA and RT in patients with
recurrent GBM. Thirty patients over 18 years old with histologically confirmed recurrent supratentorial
GBM and good functional status (KPS = 60) were recruited. Following a 3 + 3 dose-escalation design,
patients who underwent repeat resection received RT at a dose of 36 Gy and fractions of PDT, which
included oral 5-ALA administration before irradiation sessions. The study aimed to determine the
maximum tolerated dose (MTD) of repeated 5-ALA administration, gradually increasing number of PDT
fractions from one to eight, while closely monitoring safety and toxicity. Two cohorts received neoadjuvant
treatment fractions before surgery. Follow-ups were conducted two and five months after treatment. The
primary endpoints included the MTD, while secondary endpoints were event-free survival, PFS, and OS.
Additionally, 5-ALA metabolites and tissue effects in resected samples were analyzed.

Despite the lack of improved outcomes with various other treatments, the application of 5-ALA as a
radiosensitizer shows significant promise owing to its preferential absorption by glioma tumor cells, hence
preserving normal brain tissue. Furthermore, 5-ALA is simple to administer and is typically well tolerated,
as evidenced in the context of surgical procedures and PDT. This experiment was established to address
recurrent GBM, due to the significant demand for effective salvage treatment alternatives in this patient
population and the absence of a definitive treatment standard. In the event of favorable outcomes,
additional assessment may be contemplated as an adjunct to conventional first-line therapy. Nevertheless,
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data regarding subsequent drug applications are not currently accessible. In the realm of brain tumor
surgery, single doses of up to 60 mg/kg have been documented as well tolerated, thereby warranting a
dose-escalation experiment with increments of 20 mg/kg. The researchers assert that the results from this
inaugural single-center dose-escalation study in humans may provide a crucial instrument for treating GBM
patients and herald a new era of enhanced RT efficacy against this highly aggressive tumor type.

The Japanese group of Kaneko et al. [126] conducted clinical trials concentrating on PDT for malignant
gliomas. Their strategy comprised giving PSs such as 5-ALA before tumor excision and delivering
intraoperative PDT by light diffusers or balloon devices inserted in the resection space. These trials
indicated moderate improvements in survival, with PDT suggesting potential for better outcomes when
coupled with surgical resection [127]. Another study assessed a different PS, talaporfin sodium, in a
multicenter clinical trial investigating the efficacy and safety of intraoperative PDT utilizing talaporfin
sodium in patients with primary malignant brain tumors, specifically GBM. The trial had 22 patients,
demonstrating a 12-month OS rate of 95.5% and a 6-month PFS rate of 91%. The treatment was well
tolerated, with adverse effects similar to standard neurosurgical practices, and no significant complications
directly associated with the PDT [128]. However, the studies underlined the need for revised methods and
further studies to enhance efficacy and safety of GBM treatment.

The Innsbruck group, under Kostron’s leadership, performed clinical experiments indicating that PDT
with HpD can improve survival rates in patients with malignant gliomas [129]. The research demonstrated
enhanced PFS and OS relative to conventional therapy. Patients exhibited little occurrence of serious
adverse effects, reinforcing the safety and usefulness of PDT as a supplementary treatment to traditional
therapies. The findings suggest that PDT may serve as a viable approach for the treatment of malignant
gliomas. Nonetheless, the outcomes of cavitary PDT with HpD are promising, yet require a comprehensive
phase III investigation. Another study investigated 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin (mTHPC)-
mediated photodynamic diagnosis (PDD) and PDT for malignant brain tumors, notably a phase-II trial
including 22 patients, which demonstrated that FGR utilizing mTHPC improves tumor detection and
excision [130]. The study indicates a sensitivity of 87.9% and specificity of 95.7% for tumor detection,
proposing that the integration of intraoperative visualization with therapy presents a promising approach
to enhance surgical outcomes in brain cancer treatment.

Eljamel, a prominent Scottish researcher, has made significant contributions to the field of GBM
treatment, particularly in PDT. His work focuses on developing and evaluating PDT as an adjuvant
treatment for this challenging disease. Eljamel has conducted multiple clinical studies demonstrating the
effectiveness of PDT combined with PSs like Photofrin® in treating GBM. His research has shown that this
therapy can extend patient survival, particularly in cases of recurrent GBM. In a prospective study, he
evaluated FGR using ALA and Photofrin® alongside repeat PDT sessions in GBM treatment. Twenty-seven
patients were recruited (13 in the study group and 14 in the control group), with the study group achieving
a median survival of 52.8 weeks compared to 24.6 weeks in the control group. FGR with ALA and
Photofrin® and repeat PDT provided a valuable survival benefit without additional risk to patients with
GBM [131]. Another study included 73 patients with a median age of 59 years, 30 of whom received PDT
and 43 did not. Median survival for patients treated with PDT was significantly higher than for those
receiving standard therapy alone (62.9 weeks versus 20.6 weeks). Patients under 65 years of age had
longer survival compared to those over 65. Intraoperative RT alone did not yield a significant survival
benefit. However, the median survival of patients receiving PDT combined with intraoperative RT was
greater than those receiving PDT alone. PDT for GBM was a statistically significant therapeutic modality,
and its effects were further enhanced by combining it with intraoperative RT [132].

In another study, twenty patients with malignant brain tumors were administered 20 mg of ALA per kg
of body weight orally, three hours before anesthesia. Surgery was conducted using image-guided systems
and ALA-induced fluorescence microsurgical techniques. During the procedure, fluorescence intensity was
categorized as red, pink, or blue and further measured using a 405 nm pulsed laser and a compact
spectrometer with a contact probe placed on the tissue. The extent of tumor invasion was evaluated
intraoperatively with standard white light, blue light, and spectroscopic measurements. The study revealed
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that fluorescence imaging showed GBM to be wider than previously indicated by contrast-enhanced
magnetic resonance imaging (MRI), although metastases (MET)-enhanced MRI displayed a similar size to
fluorescence imaging. Solid tumors were effectively identified and measured intraoperatively through
fluorescence and spectroscopy, allowing for safe resection. Additionally, infiltrative tumor tissue could be
identified and removed in non-eloquent brain areas, maximizing surgical outcomes [133].

Dr. Muller and Dr. Wilson’s team [134, 135] at St. Michael’s Hospital in Toronto has investigated PDT
for the treatment of malignant brain tumors, particularly GBM and other primary brain tumors such as
malignant astrocytoma (MA), malignant mixed glioma, and ependymoma (EP). In their clinical trials, they
utilize adjuvant photodynamic treatment following tumor excision, employing a porphyrin-based PS that is
injected prior to surgery. During the process, a specific device with an inflating balloon is utilized to
administer light, ensuring optimal light distribution within the cavity formed by tumor removal, hence
aiding in the eradication of leftover tumor cells. These studies demonstrate encouraging outcomes,
indicating that certain patients experience extended intervals without recurrence following the combined
treatment of PDT and resection. Furthermore, it concludes that patients receiving higher light doses exhibit
prolonged survival relative to those receiving lower doses, and that there is no associated risk for patients
who undergo PDT in conjunction with postoperative RT [134, 135].

Currently, PDT is being investigated as a complementary option for the treatment of GBM. Although
there are very few direct comparative studies between PDT and other treatment modalities such as CTX,
RT, or surgery, research has been conducted to evaluate the efficacy of PDT in combination with these
treatments. An autopsy study was conducted on GBM patients who underwent PDT and surgical resection.
This study assessed the therapeutic tissue depth of PDT using sodium talaporfin and a semiconductor laser
in GBM, based on autopsy findings. Three patients—one newly diagnosed and two with recurrent GBM,
received intraoperative PDT along with adjuvant therapies. While no local recurrence was observed in pre-
mortem imaging, autopsy findings revealed tumor recurrence within the therapeutic depth in one case.
Histopathological analysis showed PDT effects extending 9-18 mm from the resection cavity, characterized
by glial scarring and immune infiltration. However, viable tumor cells were detected beyond this range,
highlighting the need for strategies to enhance PDT efficacy in GBM [136].

While these studies offer promising insights into the use of complementary therapies such as PDT for
GBM treatment, it is essential to conduct direct comparative clinical trials to establish their relative efficacy
compared to standard treatment modalities.

Limitations and opportunities of PDT against malignant gliomas

One of the main components of PDT is the use of O, from the surrounding environment, which reacts with
the PS employed. Therefore, solid tumors like GBM, which exhibit low O, tension, become one of the
primary limitations of PDT [32]. Low O, concentrations, below 1 pM, in the TME underscore the challenges
and reduced efficacy of PDT, as O, is essential for the therapy’s optimal performance [137]. Given that the
impact of low O, tension on certain tumors has been recognized, negatively influencing PDT, research has
demonstrated that modulating light fluence can favorably alter tissue oxygenation, thereby improving the
therapeutic response [36, 138].

The regulation of redox regulatory pathways in tumor cells has been acknowledged as an effective
method for their elimination [139]. The production of ROS, specifically '0,, near the tumor site is essential
for tumor eradication, as it facilitates focused and concentrated action of 10,. However, PS will convert O,
into ROS with cytotoxic potential, which causes 0, consumption and further aggravates tumor hypoxia,
resulting in decreased PDT action (Figure 4). On the other hand, the rapid growth of the tumor, O,
consumption exceeds its supply, potentially leading to chronic hypoxia as the distance from the tumor-
associated vasculature increases [140]. Therefore, in addition to pre-existing tumor hypoxia, the efficacy of
PDT will be further impaired by the 0, consumption involved in ROS generation [141]. Due to insufficient
0,, hypoxia triggers a multitude of intricate intracellular signaling cascades, including the hypoxia-inducible
factor (HIF) pathway. Additional pathways linked to hypoxia encompass PI3K/protein kinase B
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(AKT)/mammalian target of rapamycin (mTOR), mitogen-activated protein kinase (MAPK) [often referred
to as the extracellular signal-regulated kinase (ERK) pathway], nuclear factor kappa-light-chain-enhancer
of activated B-cells (NFkB), and nuclear factor erythroid 2-related factor 2 (Nrf2) [142]. HIF-1 expression is
linked to a worse prognosis in cancer patients, as it positively modulates the expression of genes related to
metabolism, metastasis, angiogenesis, and immunosuppression [143]. Conversely, HIF-1a is increased by
Nrf2 in hypoxic conditions, hence enhancing GBM cell survival. Nrf2 also enhances the expression of
vascular endothelial growth factor (VEGF). Nrf2 demonstrates antiapoptotic, antioxidant, anti-
inflammatory, and proliferative characteristics through various regulatory mechanisms [144].
Furthermore, Nrf2 is degraded in the proteasome by the action of Kelch-like ECH-associated protein 1
(KEAP1) under normal conditions (Nrf2 is ubiquitinated by the Cul3-KEAP1 E3 ubiquitin ligase complex),
however, in the presence of ROS, KEAP1 is inactivated, allowing Nrf2 to be stable, and bind to antioxidant
response elements, activating their cytoprotective functions [145]. Furthermore, oxidative stress-mediated
activation of the transcription factor Nrf2 induces the expression of protective antioxidant genes. Nrf2-
mediated regulation of the pentose phosphate pathway (PPP) affects glucose metabolism and ROS
homeostasis in cancer cells [146, 147]. Studies have shown that TMZ treatment induces Nfr2 activation, and
consequently, an increase in GSH concentration in tumor cells [148]. Among the main ROS detoxification
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mechanisms in GBM are superoxide dismutase (SOD), catalase and GPX. Furthermore, understanding the
status of these antioxidant enzymes in GBM may prove key to the development of personalized therapies
targeting ROS induction [93, 149]. GSH and its related enzymes are crucial in GBM for safeguarding against
free radicals, radiation, CTX, and PDT [74, 93, 150]. The importance of the GSH redox cycle in drug
resistance has been analyzed and it was found that TMZ-resistant cells had lower ROS and higher
antioxidant capacity, with elevated levels of GSH reductase (GSR). GSR silencing increased cell sensitivity to
TMZ, while its overexpression generated resistance. Modulation of redox status by GSR influenced drug
resistance, suggesting that GSR is a potential therapeutic target in GBM. Furthermore, high GSR expression
was associated with shorter PFS in patients [150].

Common risks of PDT encompass cutaneous and ocular photosensitivity subsequent to the
administration of the PS. Nonetheless, these effects are transient and can be alleviated by evading direct
sunlight exposure. A significant risk of PDT for brain tumors is uncontrolled cerebral edema, although its
precise occurrence remains undefined, as it varies according to the type of PS utilized, the delivery
technique, and the intensity of light applied during treatment [121].

A study assessed the efficacy of PDT utilizing HpD as an adjunctive treatment for brain gliomas. The
median survival was 76.5 months for patients with anaplastic astrocytomas and 14.3 months for those with
GBM. Advanced age correlated with a reduced prognosis, although laser dosages over 230 ]J/cm? indicated
enhanced survival results. No fatalities were directly associated with PDT; nevertheless, three patients
experienced cerebral edema, which was addressed with standard therapies. The occurrence of cerebral
edema in these patients was about 0.04% after PDT with HpD [151]. In another study utilizing Photofrin®
at a dosage of 2 mg/kg, all patients exhibited good tolerance to the medication. Cerebral edema was noted
in 46% of cases; however, in the majority of situations (10 cases), it was minor and did not necessitate
particular intervention [126].

Modifications in lighting conditions and PS dosages are critical factors currently under investigation for
each type of PS; these parameters are essential for inducing tumor cell mortality while preserving healthy
tissue, mitigating complications such as cerebral edema, and preventing the emergence of treatment-
resistant cells [36]. Animal experimental studies examine configurations employing surgically implanted
LED lights to reliably and controllably illuminate the tumor site, enabling a metronomic application of PDT
through smaller, repeated doses to enhance tumor cell destruction while reducing damage to healthy
tissues [135].

Geno-toxicological effects of PS nanomaterials

Ps nanomaterials are very effective in generating ROS when exposed to light. While ROS can be beneficial in
killing cancer cells, uncontrolled ROS production can damage cellular components, including DNA. ROS can
induce DNA strand breakage, base alterations, and cross-linking, potentially resulting in mutations and
chromosomal abnormalities in severe cases [152]. For instance, aluminium-phthalocyanine chloride tetra
sulfonate (AlPcS,Cl), a subclass of phthalocyanine, has been widely utilized in PDT for several tumor types,
with its subcellular location determining the efficacy of PDT and the mechanism of cell death. A recent
study revealed that AlPcS,Cl, preferentially located in the nuclei, produced DNA double-strand breaks by
upregulating ataxia telangiectasia mutated (ATM), a DNA damage sensor inducing cell death [153].
Nonetheless, the possible genotoxic consequences of certain PS, especially those with a predilection for
nuclear localization, are increasingly concerning and require assessment. Genotoxicity denotes the capacity
of a drug to inflict damage on DNA, potentially resulting in mutations, cancer, and other detrimental health
consequences [154]. In the absence of a selective strategy to target tumor cells, PS may directly interact
with DNA from normal or stem cells, particularly if they concentrate within the nucleus. This contact may
result in physical damage to the DNA structure or disrupt DNA replication and repair mechanisms [155].
For NPs to exhibit primary genotoxicity, they must penetrate the cytosol or nuclear membrane and directly
interact with DNA and its related proteins. Multiple studies have thoroughly reported the size-dependent
entry of NPs and their accumulation outside endosomes and within certain cellular compartments,
ultimately reaching the nuclei [156]. Nonetheless, in vitro research failed to accurately represent in vivo
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behavior. The distribution of PS NPs inside the body and their potential accumulation in specific tissues,
such as the liver, spleen, and kidneys, may affect their genotoxic effects. From this viewpoint, PS
accumulation in tissues with considerable regenerative capacity (e.g., bone marrow) might present an
increased risk. The biodistribution of NP-based PS is affected by their chemical composition, sizes, and
formulation, potentially leading to accumulation in bone marrow due to their small size and prolonged
circulation time, hence enhancing their propensity for extravasation into highly vascularized tissues [157].
Nevertheless, limited research addresses bone marrow exposure to PS and assesses its potential harm [158,
159]. The bone marrow microenvironment, rich in hematopoietic stem cells (HSCs) and stromal cells, can
sequester PS. This is particularly concerning because HSCs are highly sensitive to oxidative stress induced
by PS-generated ROS. Various cell types found in different organs and tissues may be affected by NP-based
PS and could be vulnerable to genotoxicity and cytotoxicity, including epithelial cells [160] and germ cells
[161]. In the particular case of brain tumors, NPs can cause oxidative stress and DNA damage in neural stem
cells, impairing their ability to differentiate into neurons and glial cells, leading to neurotoxicity [162].

While PS nanomaterials are highly effective in generating ROS for targeted cancer therapy, their
potential to cause genotoxic and cytotoxic damage to normal and stem cells cannot be overlooked. To
ensure the safe and effective use of PS nanomaterials, further research is essential to assess their long-term
genotoxic and cytotoxic effects, particularly in vulnerable tissues, and to develop strategies that enhance
tumor selectivity while minimizing harm to normal and stem cells.

PSs and their combination with other therapeutics or applications

A new direction emerges as encouraging results are obtained by combining different types of therapies,
whether alternative or conventional. One therapeutic combination of interest is the application of PDT with
various PSs and their integration with other therapies, whether primary or adjuvant. In recent years,
synergistic effects have been observed in therapeutic combinations involving PDT, offering promising
prospects for improved treatment outcomes. In this context, the following provides a brief overview of the
most commonly used PS in PDT, as well as key studies on therapeutic combinations for the treatment of
GBM (Figure 5).

Combination strategies with 5-ALA and derivates

Optimistic results were observed when using FGR, a technique involving the use of a fluorescent agents that
preferentially accumulate in tumor cells, aiding in the identification of areas that may not be visible to the
naked eye or through conventional imaging techniques, thus increasing the likelihood of a more complete
resection. FGR was combined with PDT for the treatment of GBM [121]. This study involved FGR utilizing 5-
ALA in 20 patients with recurrent malignant gliomas, with laser diffusers strategically positioned within the
resection cavity. PDT was administered for 60 minutes (635 nm diffuser, 200 mW/cm?, for 1 hour) with
continuous irrigation to ensure optical clarity and a 100% O, supply. MRI scans were performed at 24
hours, 14 days, and every three months post-surgery, using diffusion tensor imaging and apparent diffusion
coefficient mapping. In 80% (n = 16) of the instances, a photodynamic therapeutic effect was noted. One
patient (case 15) had surgery due to suspected GBM progression; however, histological examination
indicated radiation necrosis without the presence of tumor cells. No PDT effect was seen, demonstrating a
great selectivity of this treatment method for tumor cells. Subsequent MRI imaging of the group (14 days
post-surgery) revealed contrast-enhanced attenuation in all patients, demonstrating a PDT impact in 80%
of cases. Thus, the combination of FGR-induced PDT and 5-ALA presents an innovative and safe approach
for the adjuvant treatment of local tumors, addressing the growing demand for targeted therapies. A key
advantage of PDT is its ability to seamlessly integrate with existing standard treatments. Notably, 5-ALA
FGR and PDT can be performed concurrently using the same drug dose. Although fluorescence may not be
visible in certain tumor cells due to lower cell density, these cells remain photosensitive and can still be
effectively treated with PDT. This approach enables the creation of a safety margin and facilitates the
treatment of unresectable tumors located in critical areas.
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Figure 5. Schematic representation of multimodal strategies for brain tumor therapy. The central mechanism involves
photodynamic therapy (PDT) targeting tumor cells with adjacent methods to enhance tumor treatment including different types
of nanoparticles for targeted drug delivery, photobiomodulation to modulate cellular activity with light, hyperthermia to increase
local temperature and sensitize tumor cells, chemotherapy (CTX) as a conventional treatment, and fluorescence-guided
resection (FGR) for improved surgical precision. These combined approaches aim to enhance therapeutic efficacy and
specificity in brain tumor treatment. Created in BioRender. Ibarra, L. (2025) https://BioRender.com/w43e824

Cesca et al. [74] investigated the therapeutic synergy between PDT using methyl ALA (Me-ALA), a
derivative of 5-ALA, and CTX with doxorubicin (DOX), with a focus on their combined effects on redox
homeostasis. They evaluated both treatments individually and in combination to assess their efficacy in
inducing oxidative stress and cytotoxicity, supported by an in silico analysis that explored the roles of PTEN
and TP53 mutations in modulating oxidative stress. This analysis provided insights into the molecular
mechanisms driving treatment responses [74]. Notably, certain mutations can enhance ROS production,
leading tumor cells to generate significantly higher levels of ROS than normal cells. However, this oxidative
stress is often counterbalanced by a heightened antioxidant capacity in tumor cells, developed as an
adaptive response [163, 164]. GBM cell survival is heavily reliant on these antioxidant systems to mitigate
the harmful effects of ROS, suggesting that inducing excessive ROS production may be an effective strategy
for targeting tumor cells.

The combination of PDT and DOX demonstrated synergistic cytotoxic effects in GBM cell lines, with
U87MG cells displaying the highest sensitivity to the combined treatment. The analysis of oxidative stress
levels following combination therapy revealed increased oxidative stress across all cell lines, with the most
pronounced effects observed in UB7MG and T98G cells. These GBM cell lines, particularly those harboring
mutations in tumor suppressor genes such as TP53 and PTEN, often exhibit elevated baseline oxidative
stress during carcinogenesis, making them highly dependent on their antioxidant systems to survive. Their
findings highlight the complex interaction between pro-oxidant therapies, ROS production, and genetic
factors in GBM, underscoring the importance of personalized treatment strategies targeting specific
molecular pathways involved in oxidative stress response. The insufficiency of antioxidant defenses leads
to oxidative stress, resulting in cell death when the harmful effects of ROS are not mitigated, suggesting that
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pro-oxidant therapies, such as the combination of DOX and PDT, could selectively target GBM cells,
highlighting a promising pathway to improve therapeutic outcomes in GBM.

Combination strategies with porphyrins

Verteporfin, a synthetic porphyrin and a derivative of benzoporphyrin, was assessed for its application in
the treatment of GBM. Pellosi et al. [165] reported on the synergy between verteporfin-PDT and CTX with
TMZ in GBM cells T98G, U87MG, and U343, using multifunctional NPs (m-NPs). The m-NPs were prepared
with two types of Pluronic in various Verteporfin/TMZ ratios. Cellular uptake increased over time, reaching
a plateau after four hours of incubation in all formulations, with notable improvement when biotinylated
vehicles were used. Confocal microscopy analysis showed that verteporfin was distributed in the cytoplasm
without reaching intracellular organelles. Given that the m-NPs did not penetrate the nucleus, the liberated
TMZ was anticipated to diffuse into the nucleus, where it exerts its effects on DNA. Consequently, individual
treatments did not effectively induce cell death. U87 MG and U343 cells showed greater sensitivity to TMZ
compared to T98G. Furthermore, confocal microscopy studies comparing GBM cell lines with normal NIH-
3T3 fibroblast cells, demonstrated that m-NPs and the encapsulated drugs were selectively taken up by
tumor cells. The combinations demonstrated no toxicity in the absence of light and did not impact healthy
cells; however, they exhibited a pronounced synergistic effect in cancer cells during concurrent PDT/TMZ
treatment, particularly at low TMZ concentrations (0.3 mg/mL) and elevated light doses (1 J/cm?), as
indicated by the nonlinear dose-effect curves. Consequently, the combination therapy facilitates a reduction
in the dosage of TMZ while enhancing the antitumor efficacy, thereby minimizing adverse side effects.

Kang and Ko [166] conducted a study in mice xenografted with orthotopic GBM, investigating the
therapeutic combination of dual selective PDT using a mitochondria-targeted PS and an optical fiber
cannula. They first demonstrated the anticancer potential of albumin NPs loaded with a mitochondria-
targeted PS synthesized through the conjugation of (4-carboxy-butyl)-triphenylphosphonium (TPP) and
pheophorbide-a (PheoA). Previous studies have identified PheoA, a porphyrin derivative, as a key PS [167].
The TPP moiety was employed for selective mitochondrial targeting due to its cationic charge.
Consequently, TPP-PheoA conjugates were developed to enhance the efficacy of PDT, with further
improvements achieved by confining light delivery using an optical fiber cannula. The researchers
evaluated cellular uptake in vitro and assessed the phototoxicity of NPs in U87MG GBM cells and bEnd.3
endothelial cells. In vivo biodistribution was analyzed using an in vivo imaging system (IVIS), and the
photodynamic efficacy was measured through confined laser irradiation. The results were promising,
indicating better uptake of NPs by U87MG tumor cells, along with greater accumulation in the brain tumor
and significant tumor growth suppression following laser irradiation, both with and without the optical
fiber cannula at a dose of 1 mg/kg. Notably, confined laser irradiation resulted in tumor suppression of up
to 40%.

Combination strategies with Pcs

Pcs are symmetric macrocycles formed by four isoindole units linked by nitrogen atoms. They are organic
and organometallic compounds that exhibit strong and pronounced absorption in the red spectral window
(> 650 nm; extinction coefficient of 105 L mol™! cm™), a wavelength that favors light penetration in tissue,
and unlike porphyrins, they have high quantum fluorescence yields (values close to 1) [168]. Diamagnetic
ions, such as Si**, Zn?*, and AI**, confer high triplet yields and long triplet state lifetimes to Pcs [169]. These
PS have been studied in GBM using magnetic nanoemulsions (MNEs) loaded with citrate-coated maghemite
NPs and chloroaluminum phthalocyanine (0.05 mg mL™*) [170] for application in HPT and PDT. The former
approach involves the first exposure of tumor areas to MNPs, followed by the application of an external
alternating current magnetic field, resulting in a temperature elevation of 2 to 4°C that induces cancer cell
mortality through the activation of the apoptotic pathway [171]. The rationale relies on the premise that
alterations in tumor temperature might impede its progression and eradicate tumor cells, hence fostering
modifications that diminish transmembrane transport and destabilize their potential [87, 172, 173]. This
study examined various cell lines, demonstrating that HPT treatment resulted in a 15% average reduction
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in cell viability across all lines, irrespective of the quantity of MNPs in the MNE. An average reduction of
52% was attained by employing two MNE formulations with varying NP quantities and administering solely
the PDT light treatment. Nonetheless, the combination of HPT and PDT treatments resulted in an overall
reduction of around 70%. Confocal investigations unequivocally demonstrated localization inside the
cytoplasm and the active site of the drug release apparatus. Consequently, the integration of HPT and PDT
therapies offers a viable strategy for brain cancer treatment.

Combination strategies with chlorins

These PSs, relevant for PDT because of their characteristics, have a Q1 band at 650-700 nm and possess a
high absorption coefficient. Consequently, Teng et al. [174] conjugated a near-infrared fluorophore
[indocyanine green (ICG)] with a chlorin e6 (Ce6) on the surface of superparamagnetic iron oxide NPs
(SPION) to evaluate the efficacy of PDT in vitro with GL261 cells and in vivo in a subtotal resection trial
using a syngeneic flank tumor model. In vitro cellular studies demonstrated significant cytotoxicity induced
by PDT using these NPs. Preclinical animal studies showed that nanoclusters could be detected through NIR
imaging in both flank and intracranial GBM tumors. With these findings, the authors developed a
multimodal therapeutic agent to combine PDT with optical imaging, opening the door to potential
therapeutic benefits. Below are other studies combining different PSs used in PDT along with other
therapies (Table 1).

Table 1. Overview of studies combining photodynamic therapy (PDT) with additional therapeutic strategies to
overcome PDT resistance mechanisms

Photosensitizer (PS) Alternative Cell line or in vivo Fundamentals Reference
therapy/therapeutic model
agent
Aminolevulinic acid Photobiomodulation U87MG/glioma Due to PBM’s enhancement of cellular [175]
(ALA) (PBM) tumors grafted on  metabolism, as demonstrated by

the chorioallantoic increased mitochondrial ATP production,

membrane (CAM) elevated oxygen (O,) consumption, and

of chicken improved mitochondrial membrane

embryos polarization (even in hypoxic conditions), it
has stimulated the investigation of PBM’s
capacity to augment protoporphyrin IX
(PpIX) production and improve PpIX-PDT.

5-ALA Hypericin/PBM Us7MG Observing that PBM induces autophagy,  [39]
its application prior to hypericin was
investigated, resulting in the production of
plasma membrane-associated vesicles
that enhanced the intracellular transport
and dissolution of hypericin. This
enhanced the accessibility of its
physiologically active/fluorescent state for
PDT, augmenting lactate dehydrogenase
synthesis and improving PDT efficacy.

5-ALA ABT-263 U251 Navitoclax (ABT-263) is an inhibitor of Bcl- [176]
2 and Bcl-xL, which are anti-apoptotic
proteins, and it reinstates a pro-apoptotic
phenotype. This alteration results from
compromised sequestration of Bcl-2-
associated X protein (BAX) and/or Bcl-2-
antagonist/killer 1 (BAK) and the
displacement of pro-apoptotic molecules
(e.g., Noxa or BAD) from anti-apoptotic
proteins within this family (e.g., Mcl-1 or
Bcl-2). PDT has demonstrated a
synergistic enhancement of the pro-
apoptotic activity of the Bcl-2 and Bcl-xL
inhibitor, ABT-263.
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Table 1. Overview of studies combining photodynamic therapy (PDT) with additional therapeutic strategies to

overcome PDT resistance mechanisms (continued)

Photosensitizer (PS) Alternative Cell line or in vivo Fundamentals Reference
therapy/therapeutic model
agent
5-ALA PDT combined with U-251 and GL261 ACF was employed due to its selective [177]
Acriflavine (ACF, PA) inhibition of hypoxia-inducible factor-1
(HIF-1) activation, which is linked to
oxidative stress, the mechanism of cell
death induced by PDT, and the activation
of several survival signaling pathways.
The amalgamation of ACF with PDT
diminished the expression of HIF-1a,
GLUT-1, GLUT-3, and HK2, while
augmenting tumor suppression,
underscoring the significant function of
ACF as an innovative adjuvant for PDT.
5-ALA Biocompatible periodic ~ U87MG/mice PB, a clinically utilized antidote for [80]
mesoporous radioactive heavy metal toxicity,
organosilica-coated possesses the catalytic capacity to
Prussian blue convert hydrogen peroxide (H,0,) into O,,
nanoparticle (PB@PMO) hence enhancing the efficacy of PDT.

Dicysteamine-modified Multifunctional Us7MG A multifunctional phototheranostic agentis [178]

hypocrellin derivative phototheranostic agent  subcutaneous formulated using TMZ-C18 for CTX,

(DCHB) based on octadecane- tumor in mice DCHB as a natural-origin PS with a singlet

modified temozolomide O, production (PA) of 0.51, and a cyclic
(TMZ-C18) for peptide (cCRGD) as a targeting unit for
chemotherapy (CTX) glioblastoma (GBM).

Hematoporphyrin T™Z Rat C6 glioma PDT markedly reduced the expression of  [179]

monomethyl ether model using male P-glycoprotein in endothelial cells forming

(HMME) Wistar rats the blood-tumor barrier and in glioma
tissues. The integration of TMZ with PDT
markedly elevated TMZ levels in glioma
tissues, enhanced glioma cell apoptosis,
and extended the median lifespan of
glioma-bearing mice.

Chlorin e6 B-Mannose U-251 The primary justification for use of glucose [180]
in treatment is that tumor cells metabolize
glucose at a higher rate than normal cells.

The second objective is to enhance PS
specificity by targeting tumor-associated
macrophages (TAMs), which display
elevated levels of the mannose receptor
and promote tumorigenesis, therefore
undermining therapeutic efficacy. The
development of a chlorin derivative
conjugated with mannose showed notable
anticancer effects and enhanced PS
accumulation in M2 macrophages.

5,10,15,20-tetrakis(3-  IR-780, a photothermal  Murine Near-infrared radiation (NIR)-triggered [181]

hydroxyphenyl)chlorin  agent astrocytoma PDT and photothermal therapy (PTT).

(mTHPC) (ALTS1CH1)

Chlorin e6 Gold nanoparticles Orthotopic GBM Light-triggered PDT and PTT. [182]

(AuNPs) mice

Other combination strategies with PS NPs

Localized HPT has emerged as a promising therapeutic approach for GBM, leveraging controlled heating to
enhance tumor cell sensitivity to conventional treatments. This strategy involves elevating the temperature
of tumor tissues to approximately 40-45°C using various energy sources, such as radiofrequency (RF),
microwaves, US, or MNPs [183-185]. HPT can induce direct cytotoxic effects by disrupting cellular
homeostasis, denaturing proteins, and triggering apoptosis or necrosis in GBM cells. Additionally, it
enhances the efficacy of RT and CTX by increasing drug penetration, impairing DNA repair mechanisms,
and promoting immune system activation. Magnetic HPT, in particular, has shown potential in preclinical
and clinical studies, utilizing functionalized MNPs that accumulate within the tumor and generate heat upon
exposure to an alternating magnetic field (AMF) [183]. For instance, effective combination studies in this
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domain originate from the research by Beola et al. [186] which utilized lipid-based magnetic nanovectors
(LMNVs) loaded with drugs to integrate HPT and CTX for the treatment of GBM. They demonstrated that
exposure to AMFs facilitated magnetic HPT, which operates synergistically with the chemotherapeutic drug.
Experiments on orthotopic U-87 MG-LucZ human tumors implanted in nude mice demonstrated that
glioma-targeting peptide angiopep-2 (Ang2)-TMZ-LMNV can localize and persist within the tumor
following local administration, without disseminating to healthy tissue, effectively inhibiting tumor
invasion and proliferation, and markedly prolonging median survival time when used in combination with
AMF stimulation. Furthermore, a study conducted by Shirvalilou et al. [187] indicated that the integration
of HPT with RT in GBM may enhance survival rates in GBM patients compared to RT monotherapy,
especially when utilizing intratumoral injection of MNPs.

In a recent study, researchers developed a multifunctional nanodrug (MND) designed to enhance
glioma treatment through a synergistic approach combining PDT, chemodynamic therapy (CDT), and CTX.
The core of this nanodrug consists of up-conversion NPs (UCNPs) capable of converting 808 nm NIR light
into UV light, which activates the PS NH,-MIL-53(Fe) incorporated as a shell component [188]. This
activation initiates PDT, targeting GBM cells. Additionally, the iron ions (Fe3*) present in NH,-MIL-53(Fe)
are reduced to Fe?* within the TME, reacting with overexpressed H,0, to produce HOs, thereby facilitating
CDT. The system also delivers the CTX agent DOX, which is released in response to the acidic conditions
characteristic of the TME, further inhibiting glioma growth. To ensure effective delivery across the BBB and
targeted action, lactoferrin (LF) is conjugated to the nanodrug’s surface. This extensive therapeutic
approach exhibited considerable inhibition of orthotopic gliomas in preclinical mice, underscoring the
promise of MND as a sophisticated treatment mechanism for GBM.

Other researchers recently developed an MND aimed at treating GBM employing temperature-sensitive
liposomes (TSLs) for the co-delivery of an aggregation-induced emission (AIE) dye, TB1, and the CTX drug
paclitaxel (PTX) [189]. TB1 enables precise tumor visualization by NIR-II fluorescence imaging when
exposed to NIR light. The photothermal effect generated by TB1 under NIR irradiation concurrently induces
HPT, resulting in the release of PTX from the TSLs directly at the tumor site. The integrated method of PTT
and CTX has shown considerable effectiveness in suppressing GBM proliferation in preclinical models.

The exploration of multimodal therapeutic approaches integrating PDT with more than two additional
treatment modalities remains limited. In a study by Huang et al. [190] an MND was designed to enhance
cancer therapy through the integration of CTX, PDT, and PTT. The NPs are composed of polydopamine
(PDA) cores loaded with tirapazamine (TPZ), a hypoxia-activated CTX agent, and the PS ICG. Upon NIR laser
irradiation, ICG generates ROS for PDT and produces localized heat for PTT. Simultaneously, PDA facilitates
the release of TPZ, which becomes cytotoxic under the hypoxic conditions exacerbated by PDT and PTT.
This combinatorial approach demonstrated significant tumor growth inhibition in vitro and in vivo,
highlighting the potential of this MND to improve therapeutic outcomes by targeting multiple cancer cell
vulnerabilities.

Additionally, the integration of sonodynamic therapy (SDT) with PDT and CTX has been explored to
overcome the limitations of traditional treatments. SDT utilizes US to activate sonosensitizers (SS),
producing ROS and enhancing the cytotoxic effects on cells [191, 192]. When combined with PDT and CTX
agents, this approach can lead to synergistic effects, resulting in increased tumor cell death and inhibition of
tumor growth. A study by Shan et al. [193] engineered a macrophage cell membrane (MCM)-cloaked MND
with a ROS-responsive core composed of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzyl acrylate-
grafted dextran (PHB-dextran). This MND co-encapsulated SS Ce6 and the bromodomain-containing
protein 4 (BRD4) inhibitor JQ1. Upon ROS generation, the MND not only induced tumor cell death through
SDT but also triggered ICD, activating a potent anti-tumor immune response. Concurrently, the released JQ1
inhibited tumor cell proliferation and enhanced immune activity by suppressing PD-L1 expression on
tumor cells. This combined sonodynamic and immune therapy approach significantly extended the median
survival time in orthotopic GL261 and PTEN-deficient immunosuppressive CT2A GBM mouse models,
demonstrating its potential for synergistic and effective cancer treatment [193].
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On the other hand, the study by Wu et al. [194] developed an MND, termed LiPTD NPs, for targeted
chemo-SDT in GBM treatment. These NPs were engineered using a GSH-reactive polymer, enabling GSH
depletion in the TME to enhance the efficacy of SDT. The MNDs were designed to shrink in response to
neutrophil elastase in the TME, facilitating deeper tumor penetration, and were conjugated with
internalizing RGD peptide (iRGD) for targeted delivery to GBM. Additionally, the MND encapsulated
lexiscan enhances BBB penetration through an autocatalytic mechanism. When loaded with DOX and Ce6,
NPs demonstrated efficient tumor targeting, GSH depletion, and ROS generation under US irradiation. In
vivo studies showed that the combination of DOX and Ce6 delivered via LiPTD NPs significantly inhibited
tumor growth and prolonged survival in GBM-bearing mice, with minimal systemic toxicity [194].

To consolidate these therapies into a cohesive treatment framework in order to reach clinical use,
several critical factors must be meticulously assessed, including optimal dosages, suitable patient
populations, tumor classifications, and other pertinent considerations. While combination therapies can
enhance treatment efficacy through synergistic effects, they also carry the risk of increased toxicity and
patient burden if not properly optimized. Careful preclinical and clinical studies are essential to determine
the optimal dosages and sequencing of each therapy, particularly when these modalities are not applied
simultaneously. By systematically evaluating the timing, dosage, and interaction of each therapeutic
approach, researchers can identify synergistic combinations that enhance tumor targeting and reduce the
risk of cumulative toxicity. This stepwise optimization is especially important in complex multimodal
therapies, as it ensures that the benefits of combination treatments outweigh the potential burdens on the
patient.

The integration of PDT with NP-based delivery systems presents significant challenges and limitations
that must be addressed. One major concern is biocompatibility, as the materials used in MND synthesis
must be carefully selected to avoid adverse immune responses or long-term toxicity in patients. While
many NPs are designed to be biodegradable, their breakdown products and potential accumulation in
organs, such as the liver or kidneys, raise concerns about systemic toxicity. Since these organs are the
primary tissues impacted by systemically injected nanomedicines, more in-depth studies are required to
evaluate the elimination pathways of these nanosystems, as well as the potential cytological and genotoxic
damage to the constituent cells of these tissues due to the long-term accumulation of nanodrugs.

Additionally, the complexity of manufacturing NPs with precise size, surface properties, and drug-
loading capacities adds another layer of difficulty, often requiring sophisticated techniques and quality
control measures to ensure reproducibility and scalability. This challenge becomes even greater in the
development of biomimetic NPs, as scaling up their production requires the procurement of biological
materials and their characterization to ensure uniformity and consistency within the nanosystems. The
complexity of integrating biological components, such as cell membranes or proteins, into NPs demands
rigorous quality control and standardization processes to maintain functionality and reproducibility.
Additionally, the variability inherent in biological materials poses significant hurdles for large-scale
manufacturing, necessitating advanced techniques and protocols to achieve the desired therapeutic efficacy
and safety profiles.

Another challenge lies in the TME, which can hinder the effectiveness of PDT. For instance, the hypoxic
conditions commonly found in GBM tumors can limit the production of ROS, a key mechanism of PDT.
Furthermore, the high levels of GSH in the TME can scavenge ROS, reducing the therapeutic efficacy of PDT.
While the GSH-depleting properties of certain NPs, such as LiPTD NPs, offer a potential solution, this
approach must be carefully balanced to avoid disrupting normal cellular redox homeostasis, which could
lead to unintended toxicity in healthy tissues.

Moreover, the penetration of light in PDT is inherently limited by tissue depth, making it less effective
for deep-seated or large tumors. Although SDT or NIR light irradiation have been explored as alternatives to
overcome this limitation, the energy attenuation caused by the skull and surrounding tissues remains a
significant barrier, particularly in brain tumors.
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Finally, the heterogeneity of GBM poses a significant challenge, as tumors often exhibit varying degrees
of resistance to therapy due to genetic and molecular diversity even into a single patient. This variability
complicates the development of a one-size-fits-all treatment approach, necessitating personalized
strategies that account for individual tumor characteristics. Despite these challenges, the potential of NP-
based combination therapies offers a promising avenue for improving GBM treatment.

Conclusions

Nanotechnology-based delivery systems hold immense promise for revolutionizing cancer therapy,
particularly for highly aggressive and treatment-resistant malignancies like GBM. The integration of
nanocarriers with PDT has already demonstrated significant advancements, including enhanced tumor
targeting, reduced systemic toxicity, and multifunctional capabilities for theranostic applications. However,
the road to clinical translation is fraught with challenges. Current hurdles, such as overcoming the BBB,
addressing tumor-associated hypoxia, ensuring NP clearance, and reducing manufacturing complexities,
must be systematically addressed. The heterogeneity of tumor vasculature and the intact BBB in certain
glioma subtypes limit effective delivery of nanocarriers. Tumor-associated hypoxia, a hallmark of GBM,
further reduces the efficacy of ROS-based therapies. Furthermore, insufficient clearance data on NPs from
the body raises safety concerns, especially regarding potential long-term toxicity. Other barriers include the
complexity and cost of large-scale NP production, the risk of off-target effects, and variability in therapeutic
efficacy across different patients.

Future research should focus on designing smarter, m-NPs capable of adapting to the TME while
ensuring patient safety and treatment efficacy. Innovative strategies, such as incorporating O,-releasing
mechanisms, hypoxia-activated PSs, and BBB-penetrating delivery systems, can significantly enhance
therapeutic outcomes. The integration of molecular diagnostics with advanced nanotechnology could pave
the way for personalized, precision-based therapies, tailoring treatments to individual patient profiles.

As the field progresses, collaboration between multidisciplinary teams of chemists, biologists,
clinicians, and engineers will be crucial to overcome current limitations and unlock the full potential of
nanomaterial-based delivery systems. With continued innovation and rigorous validation, these
technologies could transform the landscape of cancer therapy, offering hope for improved survival and
quality of life for patients with devastating diseases like GBM.

A field to explore is the economic evaluation of its implementation in the clinic. Many PSs have been
developed in recent years that deserve validation and exploration in clinical trials for approval by
regulatory agencies as an alternative or complement to conventional treatments.

Abbreviations

10,: singlet oxygen

5-ALA: 5-aminolevulinic acid
AlPcS,Cl: aluminium-phthalocyanine chloride tetra sulfonate
AMF: alternating magnetic field
AO: acridine orange

BBB: blood-brain barrier

BBR: berberine

Ca0,;: calcium peroxide

CDT: chemodynamic therapy
Ce6: chlorin e6

CECs: cerebral endothelial cells

CNS: central nervous system

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 27



CPNs: conjugated polymer nanoparticles
CPs: conjugated polymers

CTX: chemotherapy

Cur: curcumin

DOX: doxorubicin

EPR: enhanced permeability and retention
EVs: extracellular vesicles

FGR: fluorescence-guided resection

FGS: fluorescence-guided surgery

GBM: glioblastoma

GPX4: glutathione peroxidase 4

GSH: glutathione

GSR: glutathione reductase

H,0,: hydrogen peroxide

HCMV: human cytomegalovirus

HCTR: healthy volunteers

HGG: high-grade glioma

HIF: hypoxia-inducible factor

HOe: hydroxyl radical

HP: hematoporphyrin

HpD: hematoporphyrin derivative

HPT: hyperthermia

HSCs: hematopoietic stem cells

HYP: Hypericin

ICD: immunogenic cell death

ICG: indocyanine green

IDH1/2: isocitrate dehydrogenase 1 and 2 genes
KEAP1: Kelch-like ECH-associated protein 1
KPS: Karnofsky performance status

Le: lipid radical

LH: lipid with hydrogen

LMNVs: lipid-based magnetic nanovectors
MB: methylene blue

MND: multifunctional nanodrug

MNEs: magnetic nanoemulsions

MNPs: magnetic nanoparticles

m-NPs: multifunctional nanoparticles
MRI: magnetic resonance imaging

MTD: maximum tolerated dose

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303

Page 28



mTHPC: 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin
NC: nanocomposites

NIR: near-infrared radiation

NPs: nanoparticles

Nrf2: nuclear factor erythroid 2-related factor 2
0,: oxygen

0S: overall survival

Pcs: phthalocyanines

PDA: polydopamine

PDT: photodynamic therapy

PFS: progression-free survival

PheoA: pheophorbide-a

pHGG: pediatric high-grade glioma

PI3K: phosphatidylinositol 3-kinase

PLGA: poly(lactic-co-glycolic acid)

PpIX: protoporphyrin IX

PSs: photosensitizers

PTT: photothermal therapy

PTX: paclitaxel

Rb: retinoblastoma

RGD: arginine-glycine-aspartic acid

rHGG: recurrent high-grade glioma

ROS: reactive oxygen species

RT: radiotherapy

S: sulfate

SDT: sonodynamic therapy

SS: sonosensitizers

TME: tumor microenvironment

TMZ: temozolomide

TPE: two-photon excitation

TPP: (4-carboxy-butyl)-triphenylphosphonium
TPZ: tirapazamine

TSLs: temperature-sensitive liposomes
TTFields: tumor-treating fields

US: ultrasound

UV: ultraviolet

XL: pyropheophorbide a 17-diethylene glycol ester

dA: singlet oxygen production

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303

Page 29



Declarations
Author contributions

BAC: Data curation, Formal analysis, Investigation, Visualization, Validation, Writing—original draft. KPSM
and PMO: Data curation, Formal analysis, Investigation, Visualization, Writing—original draft. MDC: Data
curation, Formal analysis, Investigation, Validation, Writing—original draft. LEl: Conceptualization, Data
curation, Formal analysis, Investigation, Funding acquisition, Project administration, Resources,
Supervision, Writing—original draft, Writing—review & editing.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

This research was funded by grants from Agencia Nacional de Promocién Cientifica y Tecnolégica (PICT)
[PICT-2020-SERIEA-00051], Secretaria de Ciencia y Técnica (SECyT), Universidad Nacional de Rio Cuarto
(UNRC) and Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET) [PIBAA 2022-2023
28720210100004CO0] to LEL The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Copyright
© The Author(s) 2025.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1. Manrique-Guzman S, Herrada-Pineda T, Revilla-Pacheco F. Surgical Management of Glioblastoma. In:
De Vleeschouwer S, editor. Glioblastoma. Brisbane (AU): Codon Publications; 2017. pp. 243-61.

2. Caverzan MD, Ibarra LE. Advancing glioblastoma treatment through iron metabolism: A focus on

TfR1 and Ferroptosis innovations. Int | Biol Macromol. 2024;278:134777. [DOI] [PubMed]

3. Miller J]. Targeting IDH-Mutant Glioma. Neurotherapeutics. 2022;19:1724-32. [DOI] [PubMed]
[PMC]

4, Shi H, Sadler P]. How promising is phototherapy for cancer? Br ] Cancer. 2020;123:871-3. [DOI]
[PubMed] [PMC]

5. Akimoto ], Fukami S, Ichikawa M, Mohamed A, Kohno M. Intraoperative Photodiagnosis for
Malignant Glioma Using Photosensitizer Talaporfin Sodium. Front Surg. 2019;6:12. [DOI] [PubMed]
[PMC]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349 /etat.2025.1002303 Page 30


https://dx.doi.org/10.1016/j.ijbiomac.2024.134777
http://www.ncbi.nlm.nih.gov/pubmed/39153669
https://dx.doi.org/10.1007/s13311-022-01238-3
http://www.ncbi.nlm.nih.gov/pubmed/35476295
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9723039
https://dx.doi.org/10.1038/s41416-020-0926-3
http://www.ncbi.nlm.nih.gov/pubmed/32587359
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7492227
https://dx.doi.org/10.3389/fsurg.2019.00012
http://www.ncbi.nlm.nih.gov/pubmed/30949484
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6438081

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

Maruyama T, Muragaki Y, Nitta M, Tsuzuki S, Yasuda T, Ikuta S, et al. Photodynamic Therapy for
Malignant Brain Tumors. Jpn ] Neurosurg. 2016;25:895-904. Japanese. [DOI]

Ibarra LE. Development of nanosystems for active tumor targeting in photodynamic therapy. Ther
Deliv. 2022;13:71-4. [DOI] [PubMed]

Li G, Wang C, Jin B, Sun T, Sun K, Wang S, et al. Advances in smart nanotechnology-supported
photodynamic therapy for cancer. Cell Death Discov. 2024;10:466. [DOI] [PubMed] [PMC]

Moradi S, Akhavan O, Tayyebi A, Rahighi R, Mohammadzadeh M, Saligheh Rad HR. Magnetite/
dextran-functionalized graphene oxide nanosheets for in vivo positive contrast magnetic resonance
imaging. RSC Adv. 2015;5:47529-37. [DOI]

Amani H, Habibey R, Hajmiresmail S], Latifi S, Pazoki-Toroudi H, Akhavan O. Antioxidant
nanomaterials in advanced diagnoses and treatments of ischemia reperfusion injuries. ] Mater Chem
B.2017;5:9452-76. [DOI] [PubMed]

Ranji-Burachaloo H, Gurr PA, Dunstan DE, Qiao GG. Cancer Treatment through Nanoparticle-
Facilitated Fenton Reaction. ACS Nano. 2018;12:11819-37. [DOI] [PubMed]

Ibarra LE, Camorani S, Agnello L, Pedone E, Pirone L, Chesta CA, et al. Selective Photo-Assisted
Eradication of Triple-Negative Breast Cancer Cells through Aptamer Decoration of Doped
Conjugated Polymer Nanoparticles. Pharmaceutics. 2022;14:626. [DOI] [PubMed] [PMC(]

Cheng B, Ahn HH, Nam H, Jiang Z, Gao F], Minn I, et al. A Unique Core-Shell Structured, Glycol
Chitosan-Based Nanoparticle Achieves Cancer-Selective Gene Delivery with Reduced Off-Target
Effects. Pharmaceutics. 2022;14:373. [DOI] [PubMed] [PMC(]

Assali A, Akhavan O, Adeli M, Razzazan S, Dinarvand R, Zanganeh S, et al. Multifunctional core-shell
nanoplatforms (gold@graphene oxide) with mediated NIR thermal therapy to promote miRNA
delivery. Nanomedicine. 2018;14:1891-903. [DOI] [PubMed]

Liu SF, Li M]J, Liang B, Sun W, Shao Y, Hu X, et al. Breaking the barrier: Nanoparticle-enhanced
radiotherapy as the new vanguard in brain tumor treatment. Front Pharmacol. 2024;15:1394816.
[DOI] [PubMed] [PMC(]

Yabo YA, Heiland DH. Understanding glioblastoma at the single-cell level: Recent advances and
future challenges. PLoS Biol. 2024;22:€3002640. [DOI] [PubMed] [PMC(]

Khasraw M, Fujita Y, Lee-Chang C, Balyasnikova IV, Najem H, Heimberger AB. New Approaches to
Glioblastoma. Annu Rev Med. 2022;73:279-92. [DOI] [PubMed] [PMC(]

Wirsching HG, Galanis E, Weller M. Glioblastoma. Handb Clin Neurol. 2016;134:381-97. [DOI]
[PubMed]

Nam JY, de Groot JF. Treatment of Glioblastoma. ] Oncol Pract. 2017;13:629-38. [DOI] [PubMed]
Ostrom QT, Bauchet L, Davis FG, Deltour I, Fisher JL, Langer CE, et al. The epidemiology of glioma in
adults: a “state of the science” review. Neuro Oncol. 2014;16:896-913. [DOI] [PubMed] [PMC]
Gunasegaran B, Ashley CL, Marsh-Wakefield F, Guillemin GJ, Heng B. Viruses in glioblastoma: an
update on evidence and clinical trials. BJC Rep. 2024;2:33. [DOI] [PubMed] [PMC]

Urbanska K, Sokotowska ], Szmidt M, Sysa P. Glioblastoma multiforme - an overview. Contemp Oncol
(Pozn). 2014;18:307-12. Polish. [DOI] [PubMed] [PMC(]

Aldape K, Zadeh G, Mansouri S, Reifenberger G, von Deimling A. Glioblastoma: pathology, molecular
mechanisms and markers. Acta Neuropathol. 2015;129:829-48. [DOI] [PubMed]

Ohgaki H, Kleihues P. The definition of primary and secondary glioblastoma. Clin Cancer Res. 2013;
19:764-72. [DOI] [PubMed]

Tan AC, Ashley DM, Loépez GY, Malinzak M, Friedman HS, Khasraw M. Management of glioblastoma:
State of the art and future directions. CA Cancer ] Clin. 2020;70:299-312. [DOI] [PubMed]

Whitfield BT, Huse JT. Classification of adult-type diffuse gliomas: Impact of the World Health
Organization 2021 update. Brain Pathol. 2022;32:e13062. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 31


https://dx.doi.org/10.7887/jcns.25.895
https://dx.doi.org/10.4155/tde-2021-0083
http://www.ncbi.nlm.nih.gov/pubmed/34842453
https://dx.doi.org/10.1038/s41420-024-02236-4
http://www.ncbi.nlm.nih.gov/pubmed/39528439
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11554787
https://dx.doi.org/10.1039/C5RA03331D
https://dx.doi.org/10.1039/c7tb01689a
http://www.ncbi.nlm.nih.gov/pubmed/32264560
https://dx.doi.org/10.1021/acsnano.8b07635
http://www.ncbi.nlm.nih.gov/pubmed/30457834
https://dx.doi.org/10.3390/pharmaceutics14030626
http://www.ncbi.nlm.nih.gov/pubmed/35336001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8955042
https://dx.doi.org/10.3390/pharmaceutics14020373
http://www.ncbi.nlm.nih.gov/pubmed/35214105
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8878887
https://dx.doi.org/10.1016/j.nano.2018.05.016
http://www.ncbi.nlm.nih.gov/pubmed/29885900
https://dx.doi.org/10.3389/fphar.2024.1394816
http://www.ncbi.nlm.nih.gov/pubmed/39021831
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11252536
https://dx.doi.org/10.1371/journal.pbio.3002640
http://www.ncbi.nlm.nih.gov/pubmed/38814900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11139343
https://dx.doi.org/10.1146/annurev-med-042420-102102
http://www.ncbi.nlm.nih.gov/pubmed/34665646
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9479165
https://dx.doi.org/10.1016/B978-0-12-802997-8.00023-2
http://www.ncbi.nlm.nih.gov/pubmed/26948367
https://dx.doi.org/10.1200/JOP.2017.025536
http://www.ncbi.nlm.nih.gov/pubmed/29020535
https://dx.doi.org/10.1093/neuonc/nou087
http://www.ncbi.nlm.nih.gov/pubmed/24842956
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4057143
https://dx.doi.org/10.1038/s44276-024-00051-z
http://www.ncbi.nlm.nih.gov/pubmed/39516641
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11524015
https://dx.doi.org/10.5114/wo.2014.40559
http://www.ncbi.nlm.nih.gov/pubmed/25477751
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4248049
https://dx.doi.org/10.1007/s00401-015-1432-1
http://www.ncbi.nlm.nih.gov/pubmed/25943888
https://dx.doi.org/10.1158/1078-0432.CCR-12-3002
http://www.ncbi.nlm.nih.gov/pubmed/23209033
https://dx.doi.org/10.3322/caac.21613
http://www.ncbi.nlm.nih.gov/pubmed/32478924
https://dx.doi.org/10.1111/bpa.13062
http://www.ncbi.nlm.nih.gov/pubmed/35289001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9245936

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Yu D, Liu Y, Zhou Y, Ruiz-Rodado V, Larion M, Xu G, et al. Triptolide suppresses IDH1-mutated
malignancy via Nrf2-driven glutathione metabolism. Proc Natl Acad Sci U S A. 2020;117:9964-72.
[DOI] [PubMed] [PMC(]

Krigers A, Pinggera D, Demetz M, Kornberger LM, Kerschbaumer ], Thomé C, et al. The Routine
Application of Tumor-Treating Fields in the Treatment of Glioblastoma WHO® IV. Front Neurol.
2022;13:900377. [DOI] [PubMed] [PMC]

Mikic N, Gentilal N, Cao F, Lok E, Wong ET, Ballo M, et al. Tumor-treating fields dosimetry in
glioblastoma: Insights into treatment planning, optimization, and dose-response relationships.
Neurooncol Adv. 2024;6:vdae032. [DOI] [PubMed] [PMC]

Bahr O, Tabatabai G, Fietkau R, Goldbrunner R, Glas M. Tumor treating fields (TTFields) therapy in
patients with glioblastoma: Long-term survival results from TTFields in Germany in routine clinical
care (TIGER) study. JCO. 2024;42:2036. [DOI]

Zhang L, Ren Y, Peng Y, Luo Y, Liu Y, Wang X, et al. Tumor treating fields for newly diagnosed high-
grade glioma based on the criteria of 2021 WHO CNS5: A retrospective analysis of Chinese patients
in a single center. Cancer Med. 2024;13:e7350. [DOI] [PubMed] [PMC]

Ibarra LE, Vilchez ML, Caverzdan MD, Milla Sanabria LN. Understanding the glioblastoma tumor
biology to optimize photodynamic therapy: From molecular to cellular events. ] Neurosci Res. 2021;
99:1024-47. [DOI] [PubMed]

Nagai K, Akimoto J, Fukami S, Saito Y, Ogawa E, Takanashi M, et al. Efficacy of interstitial
photodynamic therapy using talaporfin sodium and a semiconductor laser for a mouse allograft
glioma model. Sci Rep. 2024;14:9137. [DOI] [PubMed] [PMC]

Stummer W, Miither M, Spille D. Beyond fluorescence-guided resection: 5-ALA-based glioblastoma
therapies. Acta Neurochir (Wien). 2024;166:163. [DOI] [PubMed] [PMC(]

Lilge L, Portnoy M, Wilson BC. Apoptosis induced in vivo by photodynamic therapy in normal brain
and intracranial tumour tissue. Br ] Cancer. 2000;83:1110-7. [DOI] [PubMed] [PMC]

Caverzan MD, Oliveda PM, Beaugé L, Palacios RE, Chesta CA, Ibarra LE. Metronomic Photodynamic
Therapy with Conjugated Polymer Nanoparticles in Glioblastoma Tumor Microenvironment. Cells.
2023;12:1541. [DOI]

Saito Y, Fukami S, Nagai K, Ogawa E, Kuroda M, Kohno M, et al. Cytocidal Effects of Interstitial
Photodynamic Therapy Using Talaporfin Sodium and a Semiconductor Laser in a Rat Intracerebral
Glioma Model. Biomedicines. 2024;12:2141. [DOI] [PubMed] [PMC]

Marinho MAG, da Silva Marques M, de Oliveira Vian C, de Moraes Vaz Batista Filgueira D, Horn AP.
Photodynamic therapy with curcumin and near-infrared radiation as an antitumor strategy to
glioblastoma cells. Toxicol In Vitro. 2024;100:105917. [DOI] [PubMed]

Pevna V, Wagniéres G, Huntosova V. Autophagy and Apoptosis Induced in U87 MG Glioblastoma Cells
by Hypericin-Mediated Photodynamic Therapy Can Be Photobiomodulated with 808 nm Light.
Biomedicines. 2021;9:1703. [DOI] [PubMed] [PMC(]

Mishchenko T, Balalaeva I, Gorokhova A, Vedunova M, Krysko DV. Which cell death modality wins
the contest for photodynamic therapy of cancer? Cell Death Dis. 2022;13:455. [DOI] [PubMed] [PMC]
Turubanova VD, Balalaeva IV, Mishchenko TA, Catanzaro E, Alzeibak R, Peskova NN, et al.
Immunogenic cell death induced by a new photodynamic therapy based on photosens and
photodithazine. ] Immunother Cancer. 2019;7:350. [DOI] [PubMed] [PMC]

Zhang Y, Doan BT, Gasser G. Metal-Based Photosensitizers as Inducers of Regulated Cell Death
Mechanisms. Chem Rev. 2023;123:10135-55. [DOI] [PubMed]

Bai W, Xue Y, Guo Y, Zhang D, Ma K, Chen Z, et al. Reactive oxygen species produced by
photodynamic therapy enhance docosahexaenoic acid lipid peroxidation and induce the death of
breast cancer cells. Colloids Surf B Biointerfaces. 2024;241:114012. [DOI] [PubMed]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 32


https://dx.doi.org/10.1073/pnas.1913633117
http://www.ncbi.nlm.nih.gov/pubmed/32312817
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7211987
https://dx.doi.org/10.3389/fneur.2022.900377
http://www.ncbi.nlm.nih.gov/pubmed/35785334
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9243748
https://dx.doi.org/10.1093/noajnl/vdae032
http://www.ncbi.nlm.nih.gov/pubmed/38560348
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10981464
https://dx.doi.org/10.1200/JCO.2024.42.16_SUPPL.2036
https://dx.doi.org/10.1002/cam4.7350
http://www.ncbi.nlm.nih.gov/pubmed/38859683
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11165168
https://dx.doi.org/10.1002/jnr.24776
http://www.ncbi.nlm.nih.gov/pubmed/33370846
https://dx.doi.org/10.1038/s41598-024-59955-y
http://www.ncbi.nlm.nih.gov/pubmed/38644422
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11033255
https://dx.doi.org/10.1007/s00701-024-06049-3
http://www.ncbi.nlm.nih.gov/pubmed/38563988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10987337
https://dx.doi.org/10.1054/bjoc.2000.1426
http://www.ncbi.nlm.nih.gov/pubmed/10993661
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2363569
https://dx.doi.org/10.3390/cells12111541
https://dx.doi.org/10.3390/biomedicines12092141
http://www.ncbi.nlm.nih.gov/pubmed/39335654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11430772
https://dx.doi.org/10.1016/j.tiv.2024.105917
http://www.ncbi.nlm.nih.gov/pubmed/39142446
https://dx.doi.org/10.3390/biomedicines9111703
http://www.ncbi.nlm.nih.gov/pubmed/34829932
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8615841
https://dx.doi.org/10.1038/s41419-022-04851-4
http://www.ncbi.nlm.nih.gov/pubmed/35562364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9106666
https://dx.doi.org/10.1186/s40425-019-0826-3
http://www.ncbi.nlm.nih.gov/pubmed/31842994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6916435
https://dx.doi.org/10.1021/acs.chemrev.3c00161
http://www.ncbi.nlm.nih.gov/pubmed/37534710
https://dx.doi.org/10.1016/j.colsurfb.2024.114012
http://www.ncbi.nlm.nih.gov/pubmed/38850743

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Xiong T, Chen Y, Peng Q, Lu S, Long S, Li M, et al. Lipid Droplet Targeting Type I Photosensitizer for
Ferroptosis via Lipid Peroxidation Accumulation. Adv Mater. 2024;36:e2309711. [DOI] [PubMed]
Zhou W, Lim A, Elmadbouh OHM, Edderkaoui M, Osipov A, Mathison A], et al. Verteporfin induces
lipid peroxidation and ferroptosis in pancreatic cancer cells. Free Radic Biol Med. 2024;212:
493-504. [DOI] [PubMed] [PMC]

Cui S, Guo X, Wang S, Wei Z, Huang D, Zhang X, et al. Singlet Oxygen in Photodynamic Therapy.
Pharmaceuticals (Basel). 2024;17:1274. [DOI] [PubMed] [PMC]

Xu L, Hu ], Yan X, Zhao H, Geng M, Zhang ], et al. Overcoming therapeutic limitations in glioblastoma
treatment: A nanocomposite inducing ferroptosis and oxeiptosis via Photodynamic therapy. Chem
Eng].2024;500:157405. [DOI]

Shinde VR, Revi N, Murugappan S, Singh SP, Rengan AK. Enhanced permeability and retention effect:
A key facilitator for solid tumor targeting by nanoparticles. Photodiagnosis Photodyn Ther. 2022;39:
102915. [DOI] [PubMed]

Fakudze N, Abrahamse H, George B. Nanoparticles improved pheophorbide-a mediated
photodynamic therapy for cancer. Lasers Med Sci. 2025;40:78. [DOI] [PubMed] [PMC]

Sun C, Wang Y, Tang Q, Yang D, Hou L, Cao Z, et al. Tumor microenvironment activated and amplified
self-luminescent nano photosensitizers for efficient treatment of triple negative breast cancer. Chem
Eng]. 2024;494:152400. [DOI]

Benayoun L, Schaffer M, Bril R, Gingis-Velitski S, Segal E, Nevelsky A, et al. Porfimer-sodium
(Photofrin-II) in combination with ionizing radiation inhibits tumor-initiating cell proliferation and
improves glioblastoma treatment efficacy. Cancer Biol Ther. 2013;14:64-74. [DOI] [PubMed] [PMC(]
Shi Y, Zhang F, Linhardt R]. Porphyrin-based compounds and their applications in materials and
medicine. Dye Pigment. 2021;188:109136. [DOI]

Hsia T, Small JL, Yekula A, Batool SM, Escobedo AK, Ekanayake E, et al. Systematic Review of
Photodynamic Therapy in Gliomas. Cancers (Basel). 2023;15:3918. [DOI] [PubMed] [PMC]

Cramer SW, Chen CC. Photodynamic Therapy for the Treatment of Glioblastoma. Front Surg. 2020;6:
81. [DOI] [PubMed] [PMC(]

Leroy HA, Baert G, Guerin L, Delhem N, Mordon S, Reyns N, et al. Interstitial Photodynamic Therapy
for Glioblastomas: A Standardized Procedure for Clinical Use. Cancers (Basel). 2021;13:5754. [DOI]
[PubMed] [PMC]

Dupont C, Vermandel M, Leroy HA, Quidet M, Lecomte F, Delhem N, et al. INtraoperative
photoDYnamic Therapy for GliOblastomas (INDYGO): Study Protocol for a Phase I Clinical Trial.
Neurosurgery. 2019;84:E414-9. [DOI] [PubMed]

Fujishiro T, Nonoguchi N, Pavliukov M, Ohmura N, Kawabata S, Park Y, et al. 5-Aminolevulinic acid-
mediated photodynamic therapy can target human glioma stem-like cells refractory to
antineoplastic agents. Photodiagnosis Photodyn Ther. 2018;24:58-68. [DOI] [PubMed]

Neagu M, Constantin C, Tampa M, Matei C, Lupu A, Manole E, et al. Toxicological and efficacy
assessment of post-transition metal (Indium) phthalocyanine for photodynamic therapy in
neuroblastoma. Oncotarget. 2016;7:69718-32. [DOI] [PubMed] [PMC(]

Marcus SL, Sobel RS, Golub AL, Carroll RL, Lundahl S, Shulman DG. Photodynamic therapy (PDT) and
photodiagnosis (PD) using endogenous photosensitization induced by 5-aminolevulinic acid (ALA):
current clinical and development status. ] Clin Laser Med Surg. 1996;14:59-66. [DOI] [PubMed]
Allison RR, Sibata CH. Oncologic photodynamic therapy photosensitizers: a clinical review.
Photodiagnosis Photodyn Ther. 2010;7:61-75. [DOI] [PubMed]

Casas A. Clinical uses of 5-aminolaevulinic acid in photodynamic treatment and photodetection of
cancer: A review. Cancer Lett. 2020;490:165-73. [DOI] [PubMed]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 33


https://dx.doi.org/10.1002/adma.202309711
http://www.ncbi.nlm.nih.gov/pubmed/37983647
https://dx.doi.org/10.1016/j.freeradbiomed.2024.01.003
http://www.ncbi.nlm.nih.gov/pubmed/38184120
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10906657
https://dx.doi.org/10.3390/ph17101274
http://www.ncbi.nlm.nih.gov/pubmed/39458915
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11510636
https://dx.doi.org/10.1016/J.CEJ.2024.157405
https://dx.doi.org/10.1016/j.pdpdt.2022.102915
http://www.ncbi.nlm.nih.gov/pubmed/35597441
https://dx.doi.org/10.1007/s10103-025-04320-2
http://www.ncbi.nlm.nih.gov/pubmed/39918741
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11805798
https://dx.doi.org/10.1016/J.CEJ.2024.152400
https://dx.doi.org/10.4161/cbt.22630
http://www.ncbi.nlm.nih.gov/pubmed/23114641
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3566055
https://dx.doi.org/10.1016/J.DYEPIG.2021.109136
https://dx.doi.org/10.3390/cancers15153918
http://www.ncbi.nlm.nih.gov/pubmed/37568734
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10417382
https://dx.doi.org/10.3389/fsurg.2019.00081
http://www.ncbi.nlm.nih.gov/pubmed/32039232
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6985206
https://dx.doi.org/10.3390/cancers13225754
http://www.ncbi.nlm.nih.gov/pubmed/34830908
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8616201
https://dx.doi.org/10.1093/neuros/nyy324
http://www.ncbi.nlm.nih.gov/pubmed/30053213
https://dx.doi.org/10.1016/j.pdpdt.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/29990642
https://dx.doi.org/10.18632/oncotarget.11942
http://www.ncbi.nlm.nih.gov/pubmed/27626486
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5342510
https://dx.doi.org/10.1089/clm.1996.14.59
http://www.ncbi.nlm.nih.gov/pubmed/9484077
https://dx.doi.org/10.1016/j.pdpdt.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20510301
https://dx.doi.org/10.1016/j.canlet.2020.06.008
http://www.ncbi.nlm.nih.gov/pubmed/32534172

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Beck TJ], Burkanas M, Bagdonas S, Krivickiene Z, Beyer W, Sroka R, et al. Two-photon photodynamic
therapy of C6 cells by means of 5-aminolevulinic acid induced protoporphyrin IX. ] Photochem
Photobiol B. 2007;87:174-82. [DOI] [PubMed]

Lopez RF, Lange N, Guy R, Bentley MV. Photodynamic therapy of skin cancer: controlled drug
delivery of 5-ALA and its esters. Adv Drug Deliv Rev. 2004;56:77-94. [DOI] [PubMed]

Naidoo C, Kruger CA, Abrahamse H. Simultaneous Photodiagnosis and Photodynamic Treatment of
Metastatic Melanoma. Molecules. 2019;24:3153. [DOI] [PubMed] [PMC(]

Novotny A, Stummer W. 5-Aminolevulinic Acid and the Blood-Brain Barrier - A Review. Med Laser
Appl. 2003;18:36-40. [DOI]

Pacioni S, D’Alessandris QG, Giannetti S, Della Pepa GM, Offi M, Giordano M, et al. 5-Aminolevulinic
Acid (5-ALA)-Induced Protoporphyrin IX Fluorescence by Glioma Cells—A Fluorescence Microscopy
Clinical Study. Cancers (Basel). 2022;14:2844. [DOI] [PubMed] [PMC(C]

Bhanja D, Wilding H, Baroz A, Trifoi M, Shenoy G, Slagle-Webb B, et al. Photodynamic Therapy for
Glioblastoma: [lluminating the Path toward Clinical Applicability. Cancers (Basel). 2023;15:3427.
[DOI] [PubMed] [PMC(]

Jones PS, Yekula A, Lansbury E, Small JL, Ayinon C, Mordecai S, et al. Characterization of plasma-
derived protoporphyrin-IX-positive extracellular vesicles following 5-ALA use in patients with
malignant glioma. EBioMedicine. 2019;48:23-35. [DOI] [PubMed] [PMC(]

Meng Z, Xue H, Wang T, Chen B, Dong X, Yang L, et al. Aggregation-induced emission photosensitizer-
based photodynamic therapy in cancer: from chemical to clinical. ] Nanobiotechnology. 2022;20:344.
[DOI] [PubMed] [PMC]

Sokol MB, Beganovskaya VA, Mollaeva MR, Yabbarov NG, Chirkina MV, Belykh DV, et al.
Pharmaceutical Approach to Develop Novel Photosensitizer Nanoformulation: An Example of Design
and Characterization Rationale of Chlorophyll a Derivative. Pharmaceutics. 2024;16:126. [DOI]
[PubMed] [PMC]

Kubota F, Satrialdi, Takano Y, Maeki M, Tokeshi M, Harashima H, et al. Fine-tuning the encapsulation
of a photosensitizer in nanoparticles reveals the relationship between internal structure and
phototherapeutic effects. ] Biophotonics. 2023;16:202200119. [DOI] [PubMed]

Zhang Y, Zhao M, Cheng D, Zhu ], Cheng B, Miao M, et al. Self-Assembled Type I Nanophotosensitizer
with NIR-II Fluorescence Emission for Imaging-Guided Targeted Phototherapy of Glioblastoma. ACS
Appl Nano Mater. 2024;7:22117-29. [DOI]

Dixit S, Novak T, Miller K, Zhu Y, Kenney ME, Broome AM. Transferrin receptor-targeted theranostic
gold nanoparticles for photosensitizer delivery in brain tumors. Nanoscale. 2015;7:1782-90. [DOI]
[PubMed] [PMC]

Cesca BA, Caverzan MD, Lamberti M], Ibarra LE. Enhancing Therapeutic Approaches in Glioblastoma
with Pro-Oxidant Treatments and Synergistic Combinations: In Vitro Experience of Doxorubicin and
Photodynamic Therapy. Int ] Mol Sci. 2024;25:7525. [DOI] [PubMed] [PMC]

Yamaguchi S, Kobayashi H, Narita T, Kanehira K, Sonezaki S, Kubota Y, et al. Novel photodynamic
therapy using water-dispersed TiO,-polyethylene glycol compound: evaluation of antitumor effect
on glioma cells and spheroids in vitro. Photochem Photobiol. 2010;86:964-71. [DOI] [PubMed]
Jardén-Guadarrama G, Manriquez-Ramirez ME, Rodriguez-Pérez CE, Diaz-Ruiz A, de los Angeles
Martinez-Cardenas M, Mata-Bermudez A, et al. Ti0,-ZnPc nanoparticles functionalized with folic acid
as a target photosensitizer for photodynamic therapy against glioblastoma cells. ] Mater Sci Mater
Med. 2024;35:1-13. [DOI]

Meyers ]D, Cheng Y, Broome AM, Agnes RS, Schluchter MD, Margevicius S, et al. Peptide-Targeted
Gold Nanoparticles for Photodynamic Therapy of Brain Cancer. Part Part Syst Charact. 2015;32:
448-57.[DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 34


https://dx.doi.org/10.1016/j.jphotobiol.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17513121
https://dx.doi.org/10.1016/j.addr.2003.09.002
http://www.ncbi.nlm.nih.gov/pubmed/14706446
https://dx.doi.org/10.3390/molecules24173153
http://www.ncbi.nlm.nih.gov/pubmed/31470637
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6749501
https://dx.doi.org/10.1078/1615-1615-00085
https://dx.doi.org/10.3390/cancers14122844
http://www.ncbi.nlm.nih.gov/pubmed/35740509
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9221265
https://dx.doi.org/10.3390/cancers15133427
http://www.ncbi.nlm.nih.gov/pubmed/37444537
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10341187
https://dx.doi.org/10.1016/j.ebiom.2019.09.025
http://www.ncbi.nlm.nih.gov/pubmed/31628025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6838454
https://dx.doi.org/10.1186/s12951-022-01553-z
http://www.ncbi.nlm.nih.gov/pubmed/35883086
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9327335
https://dx.doi.org/10.3390/pharmaceutics16010126
http://www.ncbi.nlm.nih.gov/pubmed/38258135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10818748
https://dx.doi.org/10.1002/jbio.202200119
http://www.ncbi.nlm.nih.gov/pubmed/36054273
https://dx.doi.org/10.1021/acsanm.4c04201
https://dx.doi.org/10.1039/c4nr04853a
http://www.ncbi.nlm.nih.gov/pubmed/25519743
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4437576
https://dx.doi.org/10.3390/ijms25147525
http://www.ncbi.nlm.nih.gov/pubmed/39062770
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11277534
https://dx.doi.org/10.1111/j.1751-1097.2010.00742.x
http://www.ncbi.nlm.nih.gov/pubmed/20492566
https://dx.doi.org/10.1007/S10856-024-06823-W
https://dx.doi.org/10.1002/ppsc.201400119
http://www.ncbi.nlm.nih.gov/pubmed/25999665
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4437573

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Seabra MABL, Dubois LG, dos Santos-Junior EF, Cavalcanti Santos RV, de Castro Neto AG, Isaac AR, et
al. CdTe quantum dots as fluorescent nanotools for in vivo glioblastoma imaging. Opt Mater X. 2024;
21:100282. [DOI]

Zhang C, Zhao X, Li D, Ji F, Dong A, Chen X, et al. Advances in 5-aminoketovaleric acid(5-ALA)
nanoparticle delivery system based on cancer photodynamic therapy. ] Drug Deliv Sci Technol. 2022;
78:103933. [DOI]

Wang X, Tian Y, Liao X, Tang Y, Ni Q, Sun ], et al. Enhancing selective photosensitizer accumulation
and oxygen supply for high-efficacy photodynamic therapy toward glioma by 5-aminolevulinic acid
loaded nanoplatform. J Colloid Interface Sci. 2020;565:483-93. [DOI] [PubMed]

Zhang M, Jiang X, Zhang Q, Zheng T, Mohammadniaei M, Wang W, et al. Biodegradable Polymeric
Nanoparticles Containing an Immune Checkpoint Inhibitor (aPDL1) to Locally Induce Immune
Responses in the Central Nervous System. Adv Funct Mater. 2021;31:2102274. [DOI]

Foresto E, Gilardi P, Ibarra LE, Cogno IS. Light-activated green drugs: How we can use them in
photodynamic therapy and mass-produce them with biotechnological tools. Phytomedicine Plus.
2021;1:100044. [DOI]

Kulkarni SK, Dhir A. Berberine: a plant alkaloid with therapeutic potential for central nervous
system disorders. Phytother Res. 2010;24:317-24. [DOI] [PubMed]

Luiza Andreazza N, Vevert-Bizet C, Bourg-Heckly G, Sureau F, José Salvador M, Bonneau S. Berberine
as a photosensitizing agent for antitumoral photodynamic therapy: Insights into its association to
low density lipoproteins. Int ] Pharm. 2016;510:240-9. [DOI] [PubMed]

Grimland JL, Wu C, Ramoutar RR, Brumaghim JL, McNeill J. Photosensitizer-doped conjugated
polymernanoparticles with high cross-sections for one- and two-photon excitation. Nanoscale. 2011;
3:1451-5. [DOI] [PubMed]

Meng Z, Hou W, Zhou H, Zhou L, Chen H, Wu C. Therapeutic Considerations and Conjugated Polymer-
Based Photosensitizers for Photodynamic Therapy. Macromol Rapid Commun. 2018;39:1700614.
[DOI] [PubMed]

Ponzio RA, Ibarra LE, Achilli EE, Odella E, Chesta CA, Martinez SR, et al. Sweet light o’ mine:
Photothermal and photodynamic inactivation of tenacious pathogens using conjugated polymers. ]
Photochem Photobiol B. 2022;234:112510. [DOI] [PubMed]

Wang X, Wu M, Li H, Jiang ], Zhou S, Chen W, et al. Enhancing Penetration Ability of Semiconducting
Polymer Nanoparticles for Sonodynamic Therapy of Large Solid Tumor. Adv Sci (Weinh). 2022;9:
€2104125. [DOI] [PubMed] [PMC(]

Spada RM, Macor LP, Hernandez LI, Ponzio RA, Ibarra LE, Lorente C, et al. Amplified singlet oxygen
generation in metallated-porphyrin doped conjugated polymer nanoparticles. Dye Pigment. 2018;
149:212-23. [DOI]

Feyen PLC, Matarése BFE, Urbano L, Abelha TF, Rahmoune H, Green M, et al. Photosensitized and
Photothermal Stimulation of Cellular Membranes by Organic Thin Films and Nanoparticles. Front
Bioeng Biotechnol. 2022;10:932877. [DOI] [PubMed] [PMC]

Ortiz Ortiz AM, George O, Jasim K, Gesquiere A]. Photodynamic Therapy with Conjugated Polymer
Nanoparticles: Recent Advances and Therapeutic Considerations. ] Cancer Treat Diagnosis. 2018;2:
1-6. [DOI]

Ibarra LE, Porcal GV, Macor LP, Ponzio RA, Spada RM, Lorente C, et al. Metallated porphyrin-doped
conjugated polymer nanoparticles for efficient photodynamic therapy of brain and colorectal tumor
cells. Nanomedicine (Lond). 2018;13:605-24. [DOI] [PubMed]

Caverzan MD, Beaugé L, Chesta CA, Palacios RE, Ibarra LE. 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. [DOI] [PubMed]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 35


https://dx.doi.org/10.1016/J.OMX.2023.100282
https://dx.doi.org/10.1016/j.jddst.2022.103933
https://dx.doi.org/10.1016/j.jcis.2020.01.020
http://www.ncbi.nlm.nih.gov/pubmed/31982715
https://dx.doi.org/10.1002/adfm.202102274
https://dx.doi.org/10.1016/j.phyplu.2021.100044
https://dx.doi.org/10.1002/ptr.2968
http://www.ncbi.nlm.nih.gov/pubmed/19998323
https://dx.doi.org/10.1016/j.ijpharm.2016.06.009
http://www.ncbi.nlm.nih.gov/pubmed/27282536
https://dx.doi.org/10.1039/c0nr00834f
http://www.ncbi.nlm.nih.gov/pubmed/21293789
https://dx.doi.org/10.1002/marc.201700614
http://www.ncbi.nlm.nih.gov/pubmed/29251383
https://dx.doi.org/10.1016/j.jphotobiol.2022.112510
http://www.ncbi.nlm.nih.gov/pubmed/36049287
https://dx.doi.org/10.1002/advs.202104125
http://www.ncbi.nlm.nih.gov/pubmed/34989170
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8867194
https://dx.doi.org/10.1016/j.dyepig.2017.09.044
https://dx.doi.org/10.3389/fbioe.2022.932877
http://www.ncbi.nlm.nih.gov/pubmed/35875499
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9302485
https://dx.doi.org/10.29245/2578-2967/2018/3.1134
https://dx.doi.org/10.2217/nnm-2017-0292
http://www.ncbi.nlm.nih.gov/pubmed/29376764
https://dx.doi.org/10.1016/j.jphotobiol.2020.112045
http://www.ncbi.nlm.nih.gov/pubmed/33022469

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Dilenko H, Bartoii Tomankova K, Valkova L, HoSikova B, Kolarikovad M, Malina L, et al. Graphene-
Based Photodynamic Therapy and Overcoming Cancer Resistance Mechanisms: A Comprehensive
Review. Int ] Nanomedicine. 2024;19:5637-80. [DOI] [PubMed] [PMC]

Akhavan O, Ghaderi E, Emamy H. Nontoxic concentrations of PEGylated graphene nanoribbons for
selective cancer cell imaging and photothermal therapy. ] Mater Chem. 2012;22:20626-33. [DOI]
Yan X, Niu G, Lin ], Jin AJ], Hu H, Tang Y, et al. Enhanced fluorescence imaging guided photodynamic
therapy of sinoporphyrin sodium loaded graphene oxide. Biomaterials. 2015;42:94-102. [DOI]
[PubMed] [PMC(]

Kalluru P, Vankayala R, Chiang CS, Hwang KC. Nano-graphene oxide-mediated In vivo fluorescence
imaging and bimodal photodynamic and photothermal destruction of tumors. Biomaterials. 2016;95:
1-10. [DOI] [PubMed]

Wang B, Guo H, Xu H, Chen Y, Zhao G, Yu H. The Role of Graphene Oxide Nanocarriers in Treating
Gliomas. Front Oncol. 2022;12:736177. [DOI] [PubMed] [PMC]

Zhu H, Feng R, Li D, Shi M, Wang N, Wang Y, et al. A multifunctional graphene oxide-based nanodrug
delivery system for tumor targeted diagnosis and treatment under chemotherapy-photothermal-
photodynamic synergy. Colloids Surf B Biointerfaces. 2025;248:114479. [DOI] [PubMed]

Wang Y, Wang H, Liu D, Song S, Wang X, Zhang H. Graphene oxide covalently grafted upconversion
nanoparticles for combined NIR mediated imaging and photothermal/photodynamic cancer therapy.
Biomaterials. 2013;34:7715-24. [DOI] [PubMed]

Akhavan O, Ghaderi E. Flash photo stimulation of human neural stem cells on graphene/TiO,
heterojunction for differentiation into neurons. Nanoscale. 2013;5:10316-26. [DOI] [PubMed]
Lawkowska K, Pokrywczynska M, Koper K, Kluth LA, Drewa T, Adamowicz J. Application of Graphene
in Tissue Engineering of the Nervous System. Int ] Mol Sci. 2021;23:33. [DOI] [PubMed] [PMC]
Saadati M, Akhavan O, Fazli H, Nemati S, Baharvand H. Controlled Differentiation of Human Neural
Progenitor Cells on Molybdenum Disulfide/Graphene Oxide Heterojunction Scaffolds by
Photostimulation. ACS Appl Mater Interfaces. 2023;15:3713-30. [DOI] [PubMed]

Park SY, Park ], Sim SH, Sung MG, Kim KS, Hong BH, et al. Enhanced differentiation of human neural
stem cells into neurons on graphene. Adv Mater. 2011;23:H263-7. [DOI] [PubMed]

Hong SW, Lee JH, Kang SH, Hwang EY, Hwang YS, Lee MH, et al. Enhanced neural cell adhesion and
neurite outgrowth on graphene-based biomimetic substrates. Biomed Res Int. 2014;2014:212149.
[DOI] [PubMed] [PMC(]

Fabbri R, Scida A, Saracino E, Conte G, Kovtun A, Candini A, et al. Graphene oxide electrodes enable
electrical stimulation of distinct calcium signalling in brain astrocytes. Nat Nanotechnol. 2024;19:
1344-53. [DOI] [PubMed] [PMC]

Arias-Ramos N, Ibarra LE, Serrano-Torres M, Yagiie B, Caverzan MD, Chesta CA, et al. Iron Oxide
Incorporated Conjugated Polymer Nanoparticles for Simultaneous Use in Magnetic Resonance and
Fluorescent Imaging of Brain Tumors. Pharmaceutics. 2021;13:1258. [DOI] [PubMed] [PMC]

Chen Y, Ma Y, Shi K, Chen H, Han X, Wei C, et al. Self-Disassembling and Oxygen-Generating
Porphyrin-Lipoprotein Nanoparticle for Targeted Glioblastoma Resection and Enhanced
Photodynamic Therapy. Adv Mater. 2024;36:e2307454. [DOI] [PubMed]

Guo B, Sheng Z, Hu D, Liu C, Zheng H, Liu B. Through Scalp and Skull NIR-II Photothermal Therapy of
Deep Orthotopic Brain Tumors with Precise Photoacoustic Imaging Guidance. Adv Mater. 2018;30:
€1802591. [DOI] [PubMed]

Nuthalapati K, Vankayala R, Shanmugam M, Thangudu S, Chiang CS, Hwang KC. Engineering Tumor-
Specific Nanotheranostic Agent with MR Image-Guided NIR-II & -1II Photodynamic Therapy to
Combat Against Deeply Seated Orthotopic Glioblastoma. Small Sci. 2024;4:2400191. [DOI]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 36


https://dx.doi.org/10.2147/IJN.S461300
http://www.ncbi.nlm.nih.gov/pubmed/38882538
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11179671
https://dx.doi.org/10.1039/C2JM34330D
https://dx.doi.org/10.1016/j.biomaterials.2014.11.040
http://www.ncbi.nlm.nih.gov/pubmed/25542797
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4280503
https://dx.doi.org/10.1016/j.biomaterials.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27108401
https://dx.doi.org/10.3389/fonc.2022.736177
http://www.ncbi.nlm.nih.gov/pubmed/35155223
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8831729
https://dx.doi.org/10.1016/j.colsurfb.2024.114479
http://www.ncbi.nlm.nih.gov/pubmed/39740485
https://dx.doi.org/10.1016/j.biomaterials.2013.06.045
http://www.ncbi.nlm.nih.gov/pubmed/23859660
https://dx.doi.org/10.1039/c3nr02161k
http://www.ncbi.nlm.nih.gov/pubmed/24056702
https://dx.doi.org/10.3390/ijms23010033
http://www.ncbi.nlm.nih.gov/pubmed/35008456
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8745025
https://dx.doi.org/10.1021/acsami.2c15431
http://www.ncbi.nlm.nih.gov/pubmed/36633466
https://dx.doi.org/10.1002/adma.201101503
http://www.ncbi.nlm.nih.gov/pubmed/21823178
https://dx.doi.org/10.1155/2014/212149
http://www.ncbi.nlm.nih.gov/pubmed/24592382
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3925629
https://dx.doi.org/10.1038/s41565-024-01711-4
http://www.ncbi.nlm.nih.gov/pubmed/38987650
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11405283
https://dx.doi.org/10.3390/pharmaceutics13081258
http://www.ncbi.nlm.nih.gov/pubmed/34452219
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8400017
https://dx.doi.org/10.1002/adma.202307454
http://www.ncbi.nlm.nih.gov/pubmed/38299428
https://dx.doi.org/10.1002/adma.201802591
http://www.ncbi.nlm.nih.gov/pubmed/30129690
https://dx.doi.org/10.1002/SMSC.202400191

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Cheng W, Duan Z, Chen H, Wang Y, Wang C, Pan Y, et al. Macrophage membrane-camouflaged pure-
drug nanomedicine for synergistic chemo- and interstitial photodynamic therapy against
glioblastoma. Acta Biomater. 2025;193:392-405. [DOI] [PubMed]

Yin Y, Tang W, Ma X, Tang L, Zhang Y, Yang M, et al. Wang, Biomimetic neutrophil and macrophage
dual membrane-coated nanoplatform with orchestrated tumor-microenvironment responsive
capability promotes therapeutic efficacy against glioma. Chem Eng J. 2022;433:133848. [DOI]

Liu P, Lan S, Gao D, Hu D, Chen Z, Li Z, et al. Targeted blood-brain barrier penetration and precise
imaging of infiltrative glioblastoma margins using hybrid cell membrane-coated ICG liposomes. ]
Nanobiotechnology. 2024;22:603. [DOI] [PubMed] [PMC]

Lv B, Zhao Y, Liang Y, Cao ]J. Extracellular vesicles: An advanced delivery platform for
photosensitizers in tumor photodynamic therapy. Chem Eng J. 2024;498:155438. [DOI]

Poinsot V, Pizzinat N, Ong-Meang V. Engineered and Mimicked Extracellular Nanovesicles for
Therapeutic Delivery. Nanomaterials (Basel). 2024;14:639. [DOI] [PubMed] [PMC(]

Fang X, Gong R, Yang D, Li C, Zhang Y, Wang Y, et al. NIR-II Light-Driven Genetically Engineered
Exosome Nanocatalysts for Efficient Phototherapy against Glioblastoma. ] Am Chem Soc. 2024;146:
15251-63. [DOI] [PubMed]

Hill ML, Chung SJ], Woo HJ, Park CR, Hadrick K, Nafiujjaman M, et al. Exosome-Coated Prussian Blue
Nanoparticles for Specific Targeting and Treatment of Glioblastoma. ACS Appl Mater Interfaces.
2024;16:20286-301. [DOI] [PubMed] [PMC(]

Osman H, Elsahy D, Saadatzadeh MR, Pollok KE, Yocom S, Hattab EM, et al. Acridine Orange as a
Novel Photosensitizer for Photodynamic Therapy in Glioblastoma. World Neurosurg. 2018;114:
€1310-5. [DOI] [PubMed]

Alkahtani S, S Al-Johani N, Alarifi S, Afzal M. Cytotoxicity Mechanisms of Blue-Light-Activated
Curcumin in T98G Cell Line: Inducing Apoptosis through ROS-Dependent Downregulation of MMP
Pathways. Int ] Mol Sci. 2023;24:3842. [DOI] [PubMed] [PMC(]

Makarov VI, Skobeltsin AS, Averchuk AS, Berdnikov AK, Chinenkova MV, Salmina AB, et al. Effect of
Photodynamic Therapy with the Photosensitizer Methylene Blue on Cerebral Endotheliocytes In
Vitro. Photonics. 2024;11:316. [DOI]

Schipmann S, Miither M, Stogbauer L, Zimmer S, Brokinkel B, Holling M, et al. Combination of ALA-
induced fluorescence-guided resection and intraoperative open photodynamic therapy for recurrent
glioblastoma: case series on a promising dual strategy for local tumor control. ] Neurosurg. 2020;
134:426-36. [DOI] [PubMed]

Stepp H, Stummer W. 5-ALA in the management of malignant glioma. Lasers Surg Med. 2018;50:
399-419. [DOI] [PubMed]

Stepp H, Beck T, Pongratz T, Meinel T, Kreth FW, Tonn JCh, et al. ALA and malignant glioma:
fluorescence-guided resection and photodynamic treatment. ] Environ Pathol Toxicol Oncol. 2007;
26:157-64. [DOI] [PubMed]

Walke A, Krone C, Stummer W, Kénig S, Suero Molina E. Protoporphyrin IX in serum of high-grade
glioma patients: A novel target for disease monitoring via liquid biopsy. Sci Rep. 2024;14:4297. [DOI]
[PubMed] [PMC]

Pepper NB, Eich HT, Miither M, Oertel M, Rehn S, Spille DC, et al. ALA-RDT in GBM: protocol of the
phase I/1I dose escalation trial of radiodynamic therapy with 5-Aminolevulinic acid in patients with
recurrent glioblastoma. Radiat Oncol. 2024;19:11. [DOI] [PubMed] [PMC]

Kaneko S, Fujimoto S, Yamaguchi H, Yamauchi T, Yoshimoto T, Tokuda K. Photodynamic Therapy of
Malignant Gliomas. Prog Neurol Surg. 2018;32:1-13. [DOI] [PubMed]

Kaneko S, Kaneko S. Fluorescence-Guided Resection of Malignant Glioma with 5-ALA. Int ] Biomed
Imaging. 2016;2016:6135293. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 37


https://dx.doi.org/10.1016/j.actbio.2025.01.016
http://www.ncbi.nlm.nih.gov/pubmed/39800099
https://dx.doi.org/10.1016/J.CEJ.2021.133848
https://dx.doi.org/10.1186/s12951-024-02870-1
http://www.ncbi.nlm.nih.gov/pubmed/39367395
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11452969
https://dx.doi.org/10.1016/J.CEJ.2024.155438
https://dx.doi.org/10.3390/nano14070639
http://www.ncbi.nlm.nih.gov/pubmed/38607173
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11013861
https://dx.doi.org/10.1021/jacs.4c02530
http://www.ncbi.nlm.nih.gov/pubmed/38780071
https://dx.doi.org/10.1021/acsami.4c02364
http://www.ncbi.nlm.nih.gov/pubmed/38598311
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11056931
https://dx.doi.org/10.1016/j.wneu.2018.03.207
http://www.ncbi.nlm.nih.gov/pubmed/29631084
https://dx.doi.org/10.3390/ijms24043842
http://www.ncbi.nlm.nih.gov/pubmed/36835252
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9961595
https://dx.doi.org/10.3390/PHOTONICS11040316
https://dx.doi.org/10.3171/2019.11.JNS192443
http://www.ncbi.nlm.nih.gov/pubmed/31978877
https://dx.doi.org/10.1002/lsm.22933
http://www.ncbi.nlm.nih.gov/pubmed/29737540
https://dx.doi.org/10.1615/jenvironpatholtoxicoloncol.v26.i2.110
http://www.ncbi.nlm.nih.gov/pubmed/17725542
https://dx.doi.org/10.1038/s41598-024-54478-y
http://www.ncbi.nlm.nih.gov/pubmed/38383693
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10881484
https://dx.doi.org/10.1186/s13014-024-02408-7
http://www.ncbi.nlm.nih.gov/pubmed/38254201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10804590
https://dx.doi.org/10.1159/000469675
http://www.ncbi.nlm.nih.gov/pubmed/29990969
https://dx.doi.org/10.1155/2016/6135293
http://www.ncbi.nlm.nih.gov/pubmed/27429612
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4939363

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Muragaki Y, Akimoto ], Maruyama T, Iseki H, Ikuta S, Nitta M, et al. Phase II clinical study on
intraoperative photodynamic therapy with talaporfin sodium and semiconductor laser in patients
with malignant brain tumors. ] Neurosurg. 2013;119:845-52. [DOI] [PubMed]

Kostron H, Obwegeser A, Jakober R. Photodynamic therapy in neurosurgery: a review. ] Photochem
Photobiol B. 1996;36:157-68. [DOI] [PubMed]

Zimmermann A, Ritsch-Marte M, Kostron H. mTHPC-mediated photodynamic diagnosis of malignant
brain tumors. Photochem Photobiol. 2001;74:611-6. [PubMed]

Eljamel MS, Goodman C, Moseley H. ALA and Photofrin® Fluorescence-guided resection and
repetitive PDT in glioblastoma multiforme: a single centre Phase III randomised controlled trial.
Lasers Med Sci. 2008;23:361-7. [DOI] [PubMed]

Lyons M, Phang I, Eljamel S. The effects of PDT in primary malignant brain tumours could be

improved by intraoperative radiotherapy. Photodiagnosis Photodyn Ther. 2012;9:40-5. [DOI]
[PubMed]

Eljamel S, Petersen M, Valentine R, Buist R, Goodman C, Moseley H, et al. Comparison of
intraoperative fluorescence and MRI image guided neuronavigation in malignant brain tumours, a
prospective controlled study. Photodiagnosis Photodyn Ther. 2013;10:356-61. [DOI] [PubMed]
Muller PJ, Wilson BC. Photodynamic therapy for recurrent supratentorial gliomas. Semin Surg Oncol.
1995;11:346-54. [DOI] [PubMed]

Bogaards A, Varma A, Zhang K, Zach D, Bisland SK, Moriyama EH, et al. Fluorescence image-guided
brain tumour resection with adjuvant metronomic photodynamic therapy: pre-clinical model and
technology development. Photochem Photobiol Sci. 2005;4:438-42. [DOI] [PubMed]

Akimoto ], Fukami S, Suda T, Ichikawa M, Haraoka R, Kohno M, et al. First autopsy analysis of the
efficacy of intra-operative additional photodynamic therapy for patients with glioblastoma. Brain
Tumor Pathol. 2019;36:144-51. [DOI] [PubMed]

Ceradini D], Kulkarni AR, Callaghan M], Tepper OM, Bastidas N, Kleinman ME, et al. Progenitor cell
trafficking is regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat Med. 2004;10:
858-64. [DOI] [PubMed]

Henderson BW, Busch TM, Snyder JW. Fluence rate as a modulator of PDT mechanisms. Lasers Surg
Med. 2006;38:489-93. [DOI] [PubMed]

Trachootham D, Zhou Y, Zhang H, Demizu Y, Chen Z, Pelicano H, et al. Selective Kkilling of
oncogenically transformed cells through a ROS-mediated mechanism by (B-phenylethyl
isothiocyanate. Cancer Cell. 2006;10:241-52. [DOI] [PubMed]

Bayer C, Vaupel P. Acute versus chronic hypoxia in tumors. Strahlenther Onkol. 2012;188:616-27.
[DOI] [PubMed]

Henderson BW, Gollnick SO, Snyder JW, Busch TM, Kousis PC, Cheney RT, et al. Choice of oxygen-
conserving treatment regimen determines the inflammatory response and outcome of
photodynamic therapy of tumors. Cancer Res. 2004;64:2120-6. [DOI] [PubMed]

Seta KA, Spicer Z, Yuan Y, Lu G, Millhorn DE. Responding to hypoxia: lessons from a model cell line.
Sci STKE. 2002;2002:re11. [DOI] [PubMed]

Rankin EB, Giaccia A]. Hypoxic control of metastasis. Science. 2016;352:175-80. [DOI] [PubMed]
[PMC]

Kanamori M, Higa T, Sonoda Y, Murakami S, Dodo M, Kitamura H, et al. Activation of the NRF2
pathway and its impact on the prognosis of anaplastic glioma patients. Neuro Oncol. 2015;17:
555-65. [DOI] [PubMed] [PMC(]

Motohashi H, Yamamoto M. Nrf2-Keap1l defines a physiologically important stress response
mechanism. Trends Mol Med. 2004;10:549-57. [DOI] [PubMed]

Ahmad F, Dixit D, Sharma V, Kumar A, Joshi SD, Sarkar C, et al. Nrf2-driven TERT regulates pentose
phosphate pathway in glioblastoma. Cell Death Dis. 2016;7:e2213. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 38


https://dx.doi.org/10.3171/2013.7.JNS13415
http://www.ncbi.nlm.nih.gov/pubmed/23952800
https://dx.doi.org/10.1016/s1011-1344(96)07364-2
http://www.ncbi.nlm.nih.gov/pubmed/9002253
http://www.ncbi.nlm.nih.gov/pubmed/11683042
https://dx.doi.org/10.1007/s10103-007-0494-2
http://www.ncbi.nlm.nih.gov/pubmed/17926079
https://dx.doi.org/10.1016/j.pdpdt.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22369727
https://dx.doi.org/10.1016/j.pdpdt.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24284085
https://dx.doi.org/10.1002/ssu.2980110504
http://www.ncbi.nlm.nih.gov/pubmed/7569556
https://dx.doi.org/10.1039/b414829k
http://www.ncbi.nlm.nih.gov/pubmed/15875077
https://dx.doi.org/10.1007/s10014-019-00351-0
http://www.ncbi.nlm.nih.gov/pubmed/31487014
https://dx.doi.org/10.1038/nm1075
http://www.ncbi.nlm.nih.gov/pubmed/15235597
https://dx.doi.org/10.1002/lsm.20327
http://www.ncbi.nlm.nih.gov/pubmed/16615136
https://dx.doi.org/10.1016/j.ccr.2006.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16959615
https://dx.doi.org/10.1007/s00066-012-0085-4
http://www.ncbi.nlm.nih.gov/pubmed/22454045
https://dx.doi.org/10.1158/0008-5472.can-03-3513
http://www.ncbi.nlm.nih.gov/pubmed/15026352
https://dx.doi.org/10.1126/stke.2002.146.re11
http://www.ncbi.nlm.nih.gov/pubmed/12189251
https://dx.doi.org/10.1126/science.aaf4405
http://www.ncbi.nlm.nih.gov/pubmed/27124451
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4898055
https://dx.doi.org/10.1093/neuonc/nou282
http://www.ncbi.nlm.nih.gov/pubmed/25304134
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4483074
https://dx.doi.org/10.1016/j.molmed.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15519281
https://dx.doi.org/10.1038/cddis.2016.117
http://www.ncbi.nlm.nih.gov/pubmed/27148686
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4917655

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Singh A, Happel C, Manna SK, Acquaah-Mensah G, Carrerero |, Kumar S, et al. Transcription factor
NRF2 regulates miR-1 and miR-206 to drive tumorigenesis. ] Clin Invest. 2013;123:2921-34. [DOI]
[PubMed] [PMC]

Rocha CR, Kajitani GS, Quinet A, Fortunato RS, Menck CF. NRF2 and glutathione are key resistance
mediators to temozolomide in glioma and melanoma cells. Oncotarget. 2016;7:48081-92. [DOI]
[PubMed] [PMC]

Dokic I, Hartmann C, Herold-Mende C, Régnier-Vigouroux A. Glutathione peroxidase 1 activity

dictates the sensitivity of glioblastoma cells to oxidative stress. Glia. 2012;60:1785-800. [DOI]
[PubMed]

Zhu Z, Du S, Du Y, Ren |, Ying G, Yan Z. Glutathione reductase mediates drug resistance in
glioblastoma cells by regulating redox homeostasis. ] Neurochem. 2018;144:93-104. [DOI] [PubMed]
Stylli SS, Kaye AH, MacGregor L, Howes M, Rajendra P. Photodynamic therapy of high grade glioma -
long term survival. | Clin Neurosci. 2005;12:389-98. [DOI] [PubMed]

Zhang Y, Ding C, Zhu W, Li X, Chen T, Liu Q, et al. Chemotherapeutic drugs induce oxidative stress
associated with DNA repair and metabolism modulation. Life Sci. 2022;289:120242. [DOI] [PubMed]

Didamson OC, Chandran R, Abrahamse H. Aluminium phthalocyanine-mediated photodynamic
therapy induces ATM-related DNA damage response and apoptosis in human oesophageal cancer
cells. Front Oncol. 2024;14:1338802. [DOI] [PubMed] [PMC(]

Ansari AA, Parchur AK, Li Y, Jia T, Lv R, Wang Y, et al. Cytotoxicity and genotoxicity evaluation of
chemically synthesized and functionalized upconversion nanoparticles. Coord Chem Rev. 2024;504:
215672.[DOI]

Fuchs ], Weber S, Kaufmann R. Genotoxic potential of porphyrin type photosensitizers with
particular emphasis on 5-aminolevulinic acid: implications for clinical photodynamic therapy. Free
Radic Biol Med. 2000;28:537-48. [DOI] [PubMed]

Shukla RK, Badiye A, Vajpayee K, Kapoor N. Genotoxic Potential of Nanoparticles: Structural and
Functional Modifications in DNA. Front Genet. 2021;12:728250. [DOI] [PubMed] [PMC(]

Swart LE, Fens MHAM, van Oort A, Waranecki P, Mata Casimiro LD, Tuk D, et al. Increased Bone
Marrow Uptake and Accumulation of Very-Late Antigen-4 Targeted Lipid Nanoparticles.
Pharmaceutics. 2023;15:1603. [DOI] [PubMed] [PMC]

Danilatou V, Lydaki E, Dimitriou H, Papazoglou T, Kalmanti M. Bone marrow purging by
photodynamic treatment in children with acute leukemia: cytoprotective action of amifostine. Leuk
Res. 2000;24:427-35. [DOI] [PubMed]

Nguyen AK, Patel R, Noble JM, Zheng ], Narayan R], Kumar G, et al. Effects of subcytotoxic exposure of
silver nanoparticles on osteogenic differentiation of human bone marrow stem cells. Appl Vitr
Toxicol. 2019;5:123-33. [DOI]

Mbeh DA, Akhavan O, Javanbakht T, Mahmoudi M, Yahia L. Cytotoxicity of protein corona-graphene
oxide nanoribbons on human epithelial cells. Appl Surf Sci. 2014;320:596-601. [DOI]

Hashemi E, Akhavan O, Shamsara M, Rahighi R, Esfandiar A, Tayefeh AR. Cyto and genotoxicities of
graphene oxide and reduced graphene oxide sheets on spermatozoa. RSC Adv. 2014;4:27213-23.
[DOI]

Coccini T, Pignatti P, Spinillo A, De Simone U. Developmental Neurotoxicity Screening for
Nanoparticles Using Neuron-Like Cells of Human Umbilical Cord Mesenchymal Stem Cells: Example
with Magnetite Nanoparticles. Nanomaterials (Basel). 2020;10:1607. [DOI] [PubMed] [PMC(]

Lisek K, Campaner E, Ciani Y, Walerych D, Del Sal G. Mutant p53 tunes the NRF2-dependent
antioxidant response to support survival of cancer cells. Oncotarget. 2018;9:20508-23. [DOI]
[PubMed] [PMC]

Luo S, Lei K, Xiang D, Ye K. NQO1 Is Regulated by PTEN in Glioblastoma, Mediating Cell Proliferation
and Oxidative Stress. Oxid Med Cell Longev. 2018;2018:9146528. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 39


https://dx.doi.org/10.1172/JCI66353
http://www.ncbi.nlm.nih.gov/pubmed/23921124
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3696551
https://dx.doi.org/10.18632/oncotarget.10129
http://www.ncbi.nlm.nih.gov/pubmed/27344172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5217002
https://dx.doi.org/10.1002/glia.22397
http://www.ncbi.nlm.nih.gov/pubmed/22951908
https://dx.doi.org/10.1111/jnc.14250
http://www.ncbi.nlm.nih.gov/pubmed/29105080
https://dx.doi.org/10.1016/j.jocn.2005.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15925768
https://dx.doi.org/10.1016/j.lfs.2021.120242
http://www.ncbi.nlm.nih.gov/pubmed/34922939
https://dx.doi.org/10.3389/fonc.2024.1338802
http://www.ncbi.nlm.nih.gov/pubmed/38347844
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10859414
https://dx.doi.org/10.1016/J.CCR.2024.215672
https://dx.doi.org/10.1016/s0891-5849(99)00255-5
http://www.ncbi.nlm.nih.gov/pubmed/10719235
https://dx.doi.org/10.3389/fgene.2021.728250
http://www.ncbi.nlm.nih.gov/pubmed/34659351
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8511513
https://dx.doi.org/10.3390/pharmaceutics15061603
http://www.ncbi.nlm.nih.gov/pubmed/37376052
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10304323
https://dx.doi.org/10.1016/s0145-2126(99)00202-7
http://www.ncbi.nlm.nih.gov/pubmed/10785265
https://dx.doi.org/10.1089/AIVT.2019.0001
https://dx.doi.org/10.1016/J.APSUSC.2014.09.155
https://dx.doi.org/10.1039/C4RA01047G
https://dx.doi.org/10.3390/nano10081607
http://www.ncbi.nlm.nih.gov/pubmed/32824247
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7466682
https://dx.doi.org/10.18632/oncotarget.24974
http://www.ncbi.nlm.nih.gov/pubmed/29755668
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5945496
https://dx.doi.org/10.1155/2018/9146528
http://www.ncbi.nlm.nih.gov/pubmed/30595797
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6286748

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Pellosi DS, Paula LB, de Melo MT, Tedesco AC. Targeted and Synergic Glioblastoma Treatment:
Multifunctional Nanoparticles Delivering Verteporfin as Adjuvant Therapy for Temozolomide
Chemotherapy. Mol Pharm. 2019;16:1009-24. [DOI] [PubMed]

Kang JH, Ko YT. Dual-selective photodynamic therapy with a mitochondria-targeted photosensitizer
and fiber optic cannula for malignant brain tumors. Biomater Sci. 2019;7:2812-25. [DOI] [PubMed]
Allison RR, Downie GH, Cuenca R, Hu XH, Childs C], Sibata CH. Photosensitizers in clinical PDT.
Photodiagnosis Photodyn Ther. 2004;1:27-42. [DOI] [PubMed]

Mafukidze DM, Sindelo A, Nyokong T. Spectroscopic characterization and photodynamic
antimicrobial chemotherapy of phthalocyanine-silver triangular nanoprism conjugates when
supported on asymmetric polymer membranes. Spectrochim Acta A Mol Biomol Spectrosc. 2019;
219:333-45. [DOI] [PubMed]

Sekkat N, van den Bergh H, Nyokong T, Lange N. Like a bolt from the blue: phthalocyanines in
biomedical optics. Molecules. 2011;17:98-144. [DOI] [PubMed] [PMC]

De Paula LB, Primo FL, Pinto MR, Morais PC, Tedesco AC. Evaluation of a chloroaluminium
phthalocyanine-loaded magnetic nanoemulsion as a drug delivery device to treat glioblastoma using
hyperthermia and photodynamic therapy. RSC Adv. 2017;7:9115-22. [DOI]

Primo FL, Rodrigues MM, Simioni AR, Lacava ZG, Morais PC, Tedesco AC. Photosensitizer-loaded
magnetic nanoemulsion for use in synergic photodynamic and magnetohyperthermia therapies of
neoplastic cells. ] Nanosci Nanotechnol. 2008;8:5873-7. [PubMed]

Bolfarini GC, Siqueira-Moura MP, Demets GJ, Morais PC, Tedesco AC. In vitro evaluation of combined
hyperthermia and photodynamic effects using magnetoliposomes loaded with cucurbituril zinc
phthalocyanine complex on melanoma. ] Photochem Photobiol B. 2012;115:1-4. [DOI] [PubMed]

Yi G, Gu B, Chen LK. The safety and efficacy of magnetic nano-iron hyperthermia therapy on rat brain
glioma. Tumour Biol. 2014;35:2445-9. [DOI] [PubMed]

Teng CW, Amirshaghaghi A, Cho SS, Cai SS, De Ravin E, Singh Y, et al. Combined fluorescence-guided
surgery and photodynamic therapy for glioblastoma multiforme using cyanine and chlorin
nanocluster. ] Neurooncol. 2020;149:243-52. [DOI] [PubMed] [PMC]

Joniova ], Kazemiraad C, Gerelli E, Wagnieres G. Stimulation and homogenization of the
protoporphyrin IX endogenous production by photobiomodulation to increase the potency of
photodynamic therapy. ] Photochem Photobiol B. 2021;225:112347. [DOI] [PubMed]

Golla C, Bilal M, Dwucet A, Bader N, Anthonymuthu |, Heiland T, et al. Photodynamic Therapy
Combined with Bcl-2/Bcl-xL Inhibition Increases the Noxa/Mcl-1 Ratio Independent of Usp9X and
Synergistically Enhances Apoptosis in Glioblastoma. Cancers (Basel). 2021;13:4123. [DOI] [PubMed]
[PMC]

Ma S, Wang F, Dong ], Wang N, Tao S, Du ], et al. Inhibition of hypoxia-inducible factor 1 by acriflavine
renders glioblastoma sensitive for photodynamic therapy. ] Photochem Photobiol B. 2022;234:
112537. [DOI] [PubMed]

Zhang C, Wu ], Liu W, Zheng X, Zhang W, Lee CS, et al. Hypocrellin-Based Multifunctional
Phototheranostic Agent for NIR-Triggered Targeted Chemo/Photodynamic/Photothermal
Synergistic Therapy against Glioblastoma. ACS Appl Bio Mater. 2020;3:3817-26. [DOI] [PubMed]
Zhang X, Guo M, Shen L, Hu S. Combination of photodynamic therapy and temozolomide on glioma in
a rat C6 glioma model. Photodiagnosis Photodyn Ther. 2014;11:603-12. [DOI] [PubMed]

Shinoda Y, Kujirai K, Aoki K, Morita M, Masuda M, Zhang L, et al. Novel Photosensitizer 3-Mannose-
Conjugated Chlorin e6 as a Potent Anticancer Agent for Human Glioblastoma U251 Cells.
Pharmaceuticals (Basel). 2020;13:316. [DOI] [PubMed] [PMC]

Tsai YC, Vijayaraghavan P, Chiang WH, Chen HH, Liu TI, Shen MY, et al. Targeted Delivery of
Functionalized Upconversion Nanoparticles for Externally Triggered Photothermal/Photodynamic
Therapies of Brain Glioblastoma. Theranostics. 2018;8:1435-48. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 40


https://dx.doi.org/10.1021/acs.molpharmaceut.8b01001
http://www.ncbi.nlm.nih.gov/pubmed/30698450
https://dx.doi.org/10.1039/c9bm00403c
http://www.ncbi.nlm.nih.gov/pubmed/31066391
https://dx.doi.org/10.1016/S1572-1000(04)00007-9
http://www.ncbi.nlm.nih.gov/pubmed/25048062
https://dx.doi.org/10.1016/j.saa.2019.04.054
http://www.ncbi.nlm.nih.gov/pubmed/31055240
https://dx.doi.org/10.3390/molecules17010098
http://www.ncbi.nlm.nih.gov/pubmed/22198535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6269082
https://dx.doi.org/10.1039/C6RA26105A
http://www.ncbi.nlm.nih.gov/pubmed/19198320
https://dx.doi.org/10.1016/j.jphotobiol.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22854225
https://dx.doi.org/10.1007/s13277-013-1324-8
http://www.ncbi.nlm.nih.gov/pubmed/24163108
https://dx.doi.org/10.1007/s11060-020-03618-1
http://www.ncbi.nlm.nih.gov/pubmed/32914293
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7720701
https://dx.doi.org/10.1016/j.jphotobiol.2021.112347
http://www.ncbi.nlm.nih.gov/pubmed/34736068
https://dx.doi.org/10.3390/cancers13164123
http://www.ncbi.nlm.nih.gov/pubmed/34439278
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8393699
https://dx.doi.org/10.1016/j.jphotobiol.2022.112537
http://www.ncbi.nlm.nih.gov/pubmed/35939916
https://dx.doi.org/10.1021/acsabm.0c00386
http://www.ncbi.nlm.nih.gov/pubmed/35025252
https://dx.doi.org/10.1016/j.pdpdt.2014.10.007
http://www.ncbi.nlm.nih.gov/pubmed/25449156
https://dx.doi.org/10.3390/ph13100316
http://www.ncbi.nlm.nih.gov/pubmed/33081106
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7602738
https://dx.doi.org/10.7150/thno.22482
http://www.ncbi.nlm.nih.gov/pubmed/29507632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5835948

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Kim HS, Seo M, Park TE, Lee DY. A novel therapeutic strategy of multimodal nanoconjugates for
state-of-the-art brain tumor phototherapy. ] Nanobiotechnology. 2022;20:14. [DOI] [PubMed] [PMC]
Rodriguez B, Rivera D, Zhang JY, Brown C, Young T, Williams T, et al. Magnetic Hyperthermia
Therapy for High-Grade Glioma: A State-of-the-Art Review. Pharmaceuticals (Basel). 2024;17:300.
[DOI] [PubMed] [PMC(]

Skandalakis GP, Rivera DR, Rizea CD, Bouras A, Jesu Raj JG, Bozec D, et al. Hyperthermia treatment
advances for brain tumors. Int ] Hyperthermia. 2020;37:3-19. [DOI] [PubMed] [PMC]

Ibarra LE, Yslas EI, Molina MA, Rivarola CR, Romanini S, Barbero CA, et al. Near-infrared mediated
tumor destruction by photothermal effect of PANI-Np in vivo. Laser Phys. 2013;23:066004. [DOI]
Beola L, Iturrioz-Rodriguez N, Pucci C, Bertorelli R, Ciofani G. Drug-Loaded Lipid Magnetic
Nanoparticles for Combined Local Hyperthermia and Chemotherapy against Glioblastoma
Multiforme. ACS Nano. 2023;17:18441-55. [DOI] [PubMed] [PMC]

Shirvalilou S, Khoei S, Esfahani A], Kamali M, Shirvaliloo M, Sheervalilou R, et al. Magnetic
Hyperthermia as an adjuvant cancer therapy in combination with radiotherapy versus radiotherapy
alone for recurrent/progressive glioblastoma: a systematic review. ] Neurooncol. 2021;152:419-28.
[DOI] [PubMed]

LvZ, Cao Y, Xue D, Zhang H, Zhou S, Yin N, et al. A multiphoton transition activated iron based metal
organic framework for synergistic therapy of photodynamic therapy/chemodynamic therapy/
chemotherapy for orthotopic gliomas. ] Mater Chem B. 2023;11:1100-7. [DOI] [PubMed]

Du L, Wang P, Huang H, Li M, Roy S, Zhang Y, et al. Light-activatable and hyperthermia-sensitive “all-
in-one” theranostics: NIR-II fluorescence imaging and chemo-photothermal therapy of subcutaneous
glioblastoma by temperature-sensitive liposome-containing AIEgens and paclitaxel. Front Bioeng
Biotechnol. 2023;11:1343694. [DOI] [PubMed] [PMC]

Huang X, Wu ], He M, Hou X, Wang Y, Cai X, et al. Combined Cancer Chemo-Photodynamic and
Photothermal Therapy Based on ICG/PDA/TPZ-Loaded Nanoparticles. Mol Pharm. 2019;16:
2172-83. [DOI] [PubMed]

MMartinez SR, Odella E, Ibarra LE, Sosa Lochedino A, Wendel AB, Durantini AM, et al. Conjugated
polymer nanoparticles as sonosensitizers in sono-inactivation of a broad spectrum of pathogens.
Ultrasonics. 2024;137:107180. [DOI] [PubMed]

Huang Y, Ouyang W, Lai Z, Qiu G, Bu Z, Zhu X, et al. Nanotechnology-enabled sonodynamic therapy
against malignant tumors. Nanoscale Adv. 2024;6:1974-91. [DOI] [PubMed] [PMC]

Shan T, Wang W, Fan M, Bi ], He T, Sun Y, et al. Effective glioblastoma immune sonodynamic
treatment mediated by macrophage cell membrane cloaked biomimetic nanomedicines. ] Control
Release. 2024;370:866-78. [DOI] [PubMed]

Wu H, Gao X, Luo Y, Yu ], Long G, Jiang Z, et al. Targeted Delivery of Chemo-Sonodynamic Therapy via
Brain Targeting, Glutathione-Consumable Polymeric Nanoparticles for Effective Brain Cancer
Treatment. Adv Sci (Weinh). 2022;9:e2203894. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2025;6:1002303 | https://doi.org/10.37349/etat.2025.1002303 Page 41


https://dx.doi.org/10.1186/s12951-021-01220-9
http://www.ncbi.nlm.nih.gov/pubmed/34983539
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8725459
https://dx.doi.org/10.3390/ph17030300
http://www.ncbi.nlm.nih.gov/pubmed/38543086
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10976112
https://dx.doi.org/10.1080/02656736.2020.1772512
http://www.ncbi.nlm.nih.gov/pubmed/32672123
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7756245
https://dx.doi.org/10.1088/1054-660X/23/6/066004
https://dx.doi.org/10.1021/acsnano.3c06085
http://www.ncbi.nlm.nih.gov/pubmed/37698887
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10540267
https://dx.doi.org/10.1007/s11060-021-03729-3
http://www.ncbi.nlm.nih.gov/pubmed/33713248
https://dx.doi.org/10.1039/d2tb02273g
http://www.ncbi.nlm.nih.gov/pubmed/36629834
https://dx.doi.org/10.3389/fbioe.2023.1343694
http://www.ncbi.nlm.nih.gov/pubmed/38213575
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10782224
https://dx.doi.org/10.1021/acs.molpharmaceut.9b00119
http://www.ncbi.nlm.nih.gov/pubmed/30978027
https://dx.doi.org/10.1016/j.ultras.2023.107180
http://www.ncbi.nlm.nih.gov/pubmed/37847942
https://dx.doi.org/10.1039/d3na00738c
http://www.ncbi.nlm.nih.gov/pubmed/38633037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11019498
https://dx.doi.org/10.1016/j.jconrel.2024.04.043
http://www.ncbi.nlm.nih.gov/pubmed/38685386
https://dx.doi.org/10.1002/advs.202203894
http://www.ncbi.nlm.nih.gov/pubmed/35971187
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9534955

	Abstract
	Keywords
	Introduction
	Therapeutic implications of malignant glioma characteristics
	PDT: basics and main features for GBM treatment
	First-generation PSs in GBM
	Second-generation PSs in GBM
	Third-generation PSs in GBM
	Inorganic NPs
	5-ALA-loaded NPs
	Berberine-loaded NPs
	Conjugated polymer NPs
	Graphene-based NP PS
	Multifunctional NP-based PS for enhanced therapeutic efficacy

	Dyes as non-conventional PSs for GBM

	Clinical investigations concerning PDT treatments for malignant gliomas
	Limitations and opportunities of PDT against malignant gliomas
	Geno-toxicological effects of PS nanomaterials
	PSs and their combination with other therapeutics or applications
	Combination strategies with 5-ALA and derivates
	Combination strategies with porphyrins
	Combination strategies with Pcs
	Combination strategies with chlorins
	Other combination strategies with PS NPs

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

