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Abstract: Photodynamic therapy (PDT) has emerged as a promising non-invasive therapeutic modality for cancer treatment.
Compared with conventional antineoplastic therapies, PDT offers targeted cytotoxic effects and relatively low systemic toxicity,
making it an attractive therapeutic option for patients with cancer. The therapeutic efficacy of PDT is largely determined by the
intrinsic properties of photosensitizers (PSs), which are the central components of this therapeutic approach. However, currently
available PSs still present several inherent limitations, including inadequate penetration into deep tumor tissues, suboptimal accumula-
tion and delivery at tumor sites, and substantial dependence on oxygen availability within the tumor microenvironment. Consequently,
the development of high-performance PSs remains a key research priority in the field of PDT. Recent advances in photosensitizer
technology have enabled the rational integration of PDT with other therapeutic modalities, including radiotherapy, chemotherapy, and
immunotherapy, to achieve synergistic therapeutic effects, thereby significantly improving overall treatment outcomes. This review
systematically summarizes the major classifications, key characteristics, and recent advances in the application of nanomaterials for
PDT. It evaluates the current progress in the development of nanomaterial-based PSs and examines their potential applications in
combination therapeutic strategies for cancer treatment. Collectively, these findings provide valuable insights into the future devel-

opment of PDT-based anticancer therapies.

Plain Language Summary:

® Photodynamic therapy (PDT) is a minimally invasive and targeted therapeutic approach for cancer treatment.

® Nanomaterial-based photosensitizers enhance tumor targeting, bioavailability, and photodynamic efficacy.

e PDT exerts antitumor effects through direct cytotoxicity, vascular disruption, and immune activation.

e Combination strategies integrating PDT with chemotherapy, radiotherapy, and immunotherapy demonstrate synergistic antitumor
efficacy.
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Introduction

Cancer remains one of the most significant global health challenges, imposing a substantial burden on healthcare systems
worldwide and representing a leading cause of morbidity and mortality. Globally, approximately 2,114,850 new cases of
malignant neoplasms were diagnosed in 2026, with an estimated 626,140 cancer-related deaths." Current cancer
treatment modalities include surgical resection, chemotherapy, radiotherapy, immunotherapy, and targeted therapy.
Despite their widespread clinical application and substantial therapeutic benefits, these conventional approaches are
associated with notable limitations, including systemic adverse effects, treatment-related toxicity to normal tissues, and
procedural complexity, all of which may restrict therapeutic efficacy and patient compliance.

Against this background, photodynamic therapy (PDT) has emerged as a promising alternative therapeutic strategy owing
to its selective mechanism of action, relatively low systemic toxicity, and potential for synergistic integration with other
treatment modalities. Since its initial application in cancer diagnosis in the 1950s, PDT has undergone continuous develop-
ment and has evolved into a minimally invasive therapeutic modality that selectively eradicates malignant lesions through
photochemical reactions initiated by light-activated photosensitizers (PSs). However, significant challenges remain in both the
research and clinical application of PDT, particularly with respect to the treatment of deep-seated tumors, limited tumor-
specific targeting, and the lack of effective oxygen-independent photosensitizer systems.*> Although thousands of PSs have
been synthesized and assessed to date, only a small proportion have progressed to clinical trials, highlighting the need for the
development of next-generation PSs with improved efficacy and safety.

In recent years, nanomaterials have attracted considerable attention in the field of cancer therapy due to their inherent
advantages, including structural stability, ease of surface modification, and tunable physicochemical properties, which
facilitate enhanced tumor targeting and improved drug delivery. Accumulating evidence indicates that the rational integration
of PDT with other therapeutic modalities, such as chemotherapy, radiotherapy, and immunotherapy, can significantly improve
overall therapeutic efficacy through synergistic effects, thereby overcoming the limitations associated with single-modality
treatment.* © In this context, this review summarizes recent advances in the development of nanomaterial-based PSs and
systematically examines their applications in combination with other therapeutic strategies for cancer treatment. The objective
is to provide a comprehensive overview of current progress in the field and offer valuable insights into the future development
and clinical translation of PDT-based anticancer therapies.

This review also provides a distinct perspective by examining the transition from conventional Type II-dominant
photodynamic mechanisms to emerging Type I strategies designed to overcome tumor hypoxia. It critically evaluates recent
advances in combination approaches involving chemotherapy, radiotherapy, and immunotherapy, while highlighting the
important challenges of biosafety, toxicity, and standardization that continue to influence the clinical development of
nanomaterial-based PDT.

Application of PDT in Tumor Management

PDT can selectively eradicate localized primary and recurrent tumors while minimizing damage to surrounding healthy tissues,
demonstrating considerable potential as an adjunctive therapeutic modality. The principal mechanism of PDT involves the
administration of PSs that accumulate within tissues and are subsequently activated by irradiation with light of an appropriate
wavelength. Following photoexcitation, PSs generate reactive oxygen species (ROS) through two primary pathways:

Type I reaction: Excited-state PSs interact with surrounding biological substrates through electron or hydrogen atom
transfer processes, generating radical intermediates that subsequently react with molecular oxygen to produce ROS,
including hydrogen peroxide, superoxide anion radicals, and hydroxyl radicals.

Type Il reaction: Excited-state PSs transfer energy directly to molecular oxygen, resulting primarily in the generation of
singlet oxygen ('O,), with additional production of other reactive oxygen species under certain conditions.

The intracellular accumulation of ROS induces irreversible damage to subcellular structures, including the plasma mem-
brane, mitochondria, lysosomes, and organelles, as well as to essential biomolecules such as DNA, proteins, and lipids.4’7711

The therapeutic efficacy of PDT is determined primarily by three key components: the light source, the photosensi-
tizer, and oxygen availability. Additional variables that influence treatment outcomes include light dose, tumor location,
histological subtype, lesion depth, photosensitizer properties, and local tissue oxygenation.
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Despite its considerable therapeutic potential, PDT continues to face several limitations in oncologic applications. The
limited penetration depth of light in biological tissues reduces its effectiveness in the treatment of deep-seated tumors.
The delivery efficiency and tumor accumulation of many PSs remain suboptimal, limiting their therapeutic effectiveness.
Furthermore, the hypoxic tumor microenvironment compromises photosensitizer activity and ROS generation, thereby
reducing treatment efficacy. Collectively, these challenges constitute major barriers to the successful translation of PDT
from preclinical research into clinical practice.

To address these limitations, combination strategies integrating PDT with chemotherapy, radiotherapy, or other
therapeutic modalities have demonstrated promising synergistic effects. By leveraging complementary mechanisms of
action, these multimodal approaches can enhance therapeutic efficacy and may provide more effective strategies for
cancer treatment (Figure 1).

Mechanisms of PDT in Tumor Management
PDT exerts antineoplastic effects through three principal mechanisms:

Direct Cytotoxicity Toward Malignant Cells

PDT initiates a series of photochemical and photobiological reactions following irradiation with light of an appropriate
wavelength, resulting in selective damage to malignant cells while minimizing injury to surrounding healthy tissues.
Currently, PDT is primarily used in the treatment of early-stage, superficial, and hollow-organ malignancies, including

esophageal carcinoma, breast carcinoma, and melanoma.'*"’
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Figure | Mechanisms of reactive oxygen species generation during PDT. The schematic diagram illustrates the two principal photochemical pathways involved in PDT. In the
Type | pathway, an excited-state photosensitizer interacts with surrounding biological substrates through electron or hydrogen atom transfer processes, generating radical
intermediates that subsequently react with molecular oxygen to produce reactive oxygen species, including hydrogen peroxide, superoxide anion radicals, and hydroxyl
radicals. In the Type Il pathway, the excited-state photosensitizer transfers energy directly to molecular oxygen, resulting primarily in the generation of singlet oxygen.
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Disruption of Tumor-Associated Vasculature

PDT induces damage to the tumor vasculature, leading to impaired oxygen and nutrient delivery and subsequently
promoting tumor cell apoptosis and necrosis. In pancreatic carcinoma, for example, PDT has been shown to induce tumor
cell apoptosis while disrupting vascular networks, thereby enhancing antitumor immune responses.'®

Activation of Antitumor Immune Responses
PDT can stimulate antitumor immunity through the induction of immunogenic cell death and the enhancement of
immune surveillance. Evidence suggests that combining PDT with selective cyclooxygenase-2 (COX-2) inhibitors may
improve therapeutic outcomes in patients with skin and oral malignancies.'’

Despite these therapeutic mechanisms, PDT continues to face two major limitations in the treatment of solid tumors:
( the limited penetration depth of light within tumor tissues and @ the hypoxic conditions characteristic of many tumor
microenvironments, both of which significantly compromise therapeutic efficacy. Consequently, current research efforts
are focused on the development of more efficient photosensitizer formulations, particularly nanomaterial-based formula-

tions, as well as combination therapeutic strategies designed to overcome these challenges (Figure 2).
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Figure 2 Mechanisms underlying the antitumor effects of PDT. The schematic diagram depicts three principal mechanisms by which PDT exerts antitumor activity: (1) direct
cytotoxicity toward malignant cells through reactive oxygen species-mediated cellular damage; (2) disruption of tumor-associated vasculature, resulting in impaired oxygen
and nutrient supply and subsequent cell apoptosis and necrosis; and (3) activation of antitumor immune responses through the induction of immunogenic cell death and
enhancement of immune surveillance.
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Applications of Nanomaterial-Based Photosensitizers in Tumor Management
PSs are the key determinants of PDT efficacy. An ideal PS should demonstrate high tumor-selective accumulation, rapid
and safe metabolic clearance, a well-defined molecular structure, minimal systemic toxicity, ease of administration,
a high singlet oxygen quantum yield, and stable activation under irradiation at appropriate wavelengths.®>*

However, most conventional PSs are limited by poor aqueous solubility, low chemical and photostability, inadequate
in vivo delivery efficiency and safety, limited cellular and tissue specificity, and dependence on oxygen availability, all of
which restrict their clinical applicability.

In recent years, nanomaterials have emerged as a promising platform for the development of next-generation PSs, enabling the
design of a wide range of photodynamic nanomaterials. Nanomaterial-based PSs can be broadly classified into organic
nanomaterials, such as liposomes, polymeric micelles, and polymeric nanoparticles (NPs), and inorganic nanomaterials, including
gold nanoparticles (AuNPs) and silica NPs. Owing to their high specific surface area, nanoscale dimensions, mechanical
flexibility, and excellent photostability, these nanomaterials exhibit considerable potential in tumor diagnosis and therapy.

Table 1 summarizes the major classifications and key characteristics of nanomaterials used in PDT.

NPs are colloidal structures composed of natural, synthetic, or semisynthetic polymers. Encapsulation of PSs within NPs
significantly enhance their uptake by tumor cells.”” As delivery vehicles, NPs can address several limitations associated with
conventional PSs, including poor tumor-targeting efficiency and the hypoxic tumor microenvironment. This approach
improves the accumulation and retention of PSs in tumor tissues, thereby enhancing the therapeutic efficacy of PDT.?* 2’

To improve tumor-targeting efficiency, NP surfaces can be functionalized with specific antibodies, aptamers, or other
targeting ligands that facilitate selective delivery to malignant cells. Ligand-modified NPs can bind specifically to
receptors overexpressed on cancer cell surfaces and are subsequently internalized through receptor-mediated endocytosis,
thereby resulting in enhanced intracellular accumulation of PSs.*’

For example, by exploiting the Warburg effect, Kataoka et al developed a glucose-conjugated chlorin-based photosensi-
tizer that selectively targets glucose transporters GLUT1, GLUT3, and GLUT4, which are frequently overexpressed in cancer
cells. This modification enhances selective photosensitizer accumulation and improves PDT efficacy. Similarly, many cancer
cells exhibit increased expression of low-density lipoprotein (LDL) receptors, resulting in higher intracellular LDL levels than
those observed in normal cells. Conjugation of PSs with LDL can therefore enhance selective tumor cell uptake.®

Another widely used targeting strategy exploits the overexpression of folate receptors, which are particularly abundant in
ovarian, breast, and lung carcinomas. Co-encapsulation of the anticancer agent camptothecin and the photosensitizer chlorin

Table | Classification and Key Characteristics of Nanomaterial Platforms Used in PDT

Nanomaterial Nanomaterial Key Characteristics

Category Type

Organic Polymeric Polymeric micelles possess a core—shell structure consisting of a hydrophilic shell and a hydrophobic
nanocarriers micelles core. The hydrophobic core facilitates the encapsulation of poorly water-soluble photosensitizers and

therapeutic agents. These nanocarriers can improve drug solubility, enhance bioavailability, enable
controlled drug release, and support surface functionalization for targeted drug delivery. They generally

exhibit favorable biocompatibility, biodegradability, and low toxicity.

Liposomes Liposomes are spherical organic nanoparticles composed of phospholipid bilayers that closely resemble
biological membranes. Liposomes encapsulate both hydrophilic and hydrophobic agents, facilitate cellular
uptake, and provide controlled drug release. Liposomes exhibit favorable biocompatibility
biodegradability, stability, and low toxicity.

Inorganic Metal-based Metal-based nanomaterials, including gold and silver nanoparticles, possess tunable optical properties,
nanomaterials nanoparticles high stability, and ease of surface modification. These characteristics make them attractive platforms for
Silica-based imaging, photosensitizer delivery, and photodynamic therapy.
nanomaterials Silica-based nanoparticles, particularly mesoporous silica nanoparticles, exhibit large specific surface

areas, high pore volumes, and structural stability, and versatile surface functionalization capabilities.

These properties support high photosensitizer loading efficiency and targeted drug delivery.
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e6 (Ce6) within metal-organic framework NPs enables selective binding to folate receptors, thereby enhancing tumor-cell
uptake and targeting efficiency.'* This approach not only reduces the non-specific distribution of conventional PSs, such as
porphyrin derivatives, naphthalocyanines, phthalocyanines, and chlorin compounds, but also facilitates the co-delivery of PSs
and chemotherapeutic agents within a single nanoplatform, supporting precision imaging and therapy.*®

Encapsulation of PSs within NPs can help address hypoxia-related limitations during PDT. Sun et al developed a co-
delivery system incorporating the photosensitizer Ce6 and the hypoxia-activated agent tirapazamine (TPZ).?” Ce6
generates large amounts of singlet oxygen ('O,) upon irradiation with 660 nm light, whereas TPZ is activated under
hypoxic conditions, thereby further enhancing cytotoxicity toward hypoxic tumor cells. This combination of PDT with
hypoxia-activated therapy resulted in significantly improved antitumor efficacy.

Inorganic NPs derived from metal-based nanomaterials have also demonstrated considerable potential in PDT.
Commonly used metal-based nanomaterials include gold-, silver-, and silica-based systems.?**° Gold- and silver-based
nanomaterials are widely employed in PDT owing to their high extinction coefficients, chemical stability, resistance to
oxidation, and ease of surface modification. For example, AuNPs have been reported to preferentially accumulate in the
mitochondria of breast cancer cells through surface charge modulation, thereby enhancing intracellular ROS generation
and improving photodynamic efficacy.’' Similarly, silver NPs conjugated with conventional PSs can generate novel
nano-PSs capable of inducing tumor-cell apoptosis through oxidative stress-mediated mechanisms.

Nanomaterial engineering has facilitated a paradigm shift from conventional Type II-dominated PDT toward Type
I photodynamic mechanisms under hypoxic conditions. Traditional PSs primarily rely on oxygen-dependent singlet
oxygen generation through Type II reactions; consequently, the hypoxic tumor microenvironment often limits their
therapeutic efficacy. Advanced nanoplatforms, particularly semiconductor heterojunctions, metal-organic frameworks,
and organic NPs with enhanced electron-transfer capabilities, can promote the formation of radical intermediates through
Type I photochemical pathways, leading to the generation of reactive species such as superoxide anions and hydroxyl
radicals with reduced dependence on molecular oxygen. This mechanistic transition helps overcome hypoxia-associated
therapeutic resistance, enabling effective cytotoxic activity even in oxygen-deficient tumor regions and expanding the
applicability of PDT to hypoxic solid tumors that are less responsive to conventional approaches.

Among inorganic nanomaterials, silica NPs, particularly mesoporous silica nanoparticles (MSNs), have attracted
considerable attention in PDT applications. Silica-based matrices can protect photosensitizer molecules from degradation
in vivo while providing high drug-loading capacity, thereby enhancing ROS generation efficiency. Owing to their
structural stability, large specific surface area, high pore volume, and versatile functionalization potential, MSNs are
considered promising platforms for PDT and related therapeutic applications.®> For example, Ce6-loaded MSNs have
exhibited enhanced cellular uptake, high drug-loading efficiency, and significant antitumor activity in cisplatin-resistant
lung cancer cells.*

Beyond PDT, nanomaterials have been primarily used in biomedical imaging and cancer therapy, including magnetic
resonance imaging, computed tomography, positron emission tomography (PET), single-photon emission computed
tomography, optical imaging, ultrasound imaging, and photoacoustic imaging.>**> Numerous innovative nanoparticle-
based platforms have been developed for both diagnostic and therapeutic purposes.*® For example, NPs co-loaded with
temozolomide and oligonucleotide esters have been investigated for the treatment of glioblastoma, enabling penetration
across the blood—brain barrier while simultaneously enhancing imaging performance and therapeutic efficacy.®” Calcium
phosphate NPs have been utilized for PET imaging of brain tumors, facilitating in vivo monitoring of nanoparticle
biodistribution.®

Although nanomaterial-based PSs that combine favorable biocompatibility, selective tumor-targeting, modulation of
hypoxic tumor microenvironments, and controlled in vivo biodegradation remain under active development, advances in
composite nanomaterials have created new opportunities for the design of next-generation nano-PSs. By integrating
multiple functional components into a single platform, composite nanomaterials can combine complementary properties
to achieve multifunctional synergistic effects, thereby providing novel approaches to improve the efficacy and specificity
of PDT. A detailed comparison of the advantages, limitations, and clinical translational potential of different nanomater-
ial platforms is presented in Table S1.
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Application of PDT as an Adjunctive Therapy in Cancer Treatment

Although PDT has demonstrated therapeutic benefits in cancer treatment, its ability to achieve complete eradication of
solid tumors remains limited. Advances in nanomaterial-based PSs have facilitated the development of integrated
delivery platforms capable of the co-delivery of PSs and therapeutic agents. These platforms enable the integration of
multiple treatment modalities, promoting synergistic interactions between PDT and other therapeutic approaches, thereby
enhancing overall therapeutic efficacy.

Combination strategies integrating PDT with chemotherapy, radiotherapy, and immunotherapy have demonstrated pro-
mising therapeutic outcomes in cancer treatment. Nanomaterial-based systems enable targeted delivery of PSs, chemother-
apeutic agents, and immunomodulatory molecules, thereby improving treatment specificity and efficacy. PDT enhances
tumor-cell sensitivity to chemotherapeutic agents, potentiate the effects of radiotherapy, and induces immunostimulatory
responses that improves the efficacy of immunotherapy. Consequently, multimodal therapeutic approaches have the potential
to overcome several limitations associated with monotherapies and support the development of more comprehensive and
targeted strategies for cancer treatment. The synergistic mechanisms, key therapeutic outcomes, and current clinical transla-
tion status of PDT combined with different therapeutic modalities are summarized in Table S2.

Light penetration depth is a critical determinant of PDT efficacy. Visible light (400-600 nm) exhibits limited tissue
penetration (< 5-10 mm), whereas near-infrared (NIR) light offers substantially greater penetration into biological
tissues. Specifically, NIR-I (650-950 nm) and NIR-II (1000—1700 nm) wavelengths can penetrate approximately 5—
10 mm and > 10 mm, respectively, thereby facilitating the treatment of deep-seated lesions. However, the clinical
translation of nanoplatforms requires a balance between optical performance and regulatory feasibility. Liposomal
formulations and AuNPs exhibit relatively high translational potential owing to their favorable safety profiles and
scalable manufacturing processes. In contrast, more complex multifunctional systems, such as up-conversion NPs and
metal-organic frameworks, continue to face substantial challenges related to large-scale production, standardization, and
long-term safety evaluation, which presently limit their clinical applicability.

PDT Combined with Chemotherapy

Chemotherapy remains one of the principal treatment modalities for cancer in clinical practice. However, prolonged
administration of chemotherapeutic agents is often associated with substantial systemic toxicity, limited tumor selectivity,
and the development of drug resistance. Consequently, improving targeted drug delivery, enhancing chemosensitivity,
and overcoming therapeutic resistance remain important clinical objectives.

The combination of PDT and chemotherapy has demonstrated considerable potential to enhance the antitumor
efficacy while reducing the required dosage of chemotherapeutic agents, minimizing systemic toxicity, and improving
patient quality of life. Several nanomaterial-based delivery systems have been developed to facilitate the synergistic
integration of these treatment modalities. For example, hollow porous lead-based NPs coated with red blood cell
membranes were engineered to evade immune surveillance, and improve biodistribution. These biomimetic NPs enabled
the co-delivery of doxorubicin and PDT, promoting synergistic therapeutic effects through enhanced tumor accumulation
and uptake.”® Wang et al developed molybdenum diselenide/bismuth selenide nanosheets for combined PDT and
chemotherapy. These nanosheets exhibited high photothermal conversion efficiency and facilitated the transfer of
photoexcited electrons, leading to enhanced ROS generation. Following doxorubicin loading, the nanosystem achieved
substantial photodynamic activity and significantly improved chemotherapeutic efficacy.*’

Overall, nanocarrier-based platforms represent a promising approach for integrating PDT and chemotherapy, offering
improved therapeutic precision, enhanced antitumor efficacy, and increased potential for clinical translation in oncology.

PDT Combined with Radiotherapy

The combination of PDT and radiotherapy has demonstrated considerable potential in cancer treatment. Studies conducted by
Zhang and Li, as well as Saravana et al reported that PDT mediated by second-generation PSs, when combined with
radiotherapy, significantly improved clinical outcomes in patients with locally advanced esophageal cancer who were
unresponsive to chemoradiotherapy.*'** In patients with advanced malignancies, this combinatorial approach not only
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enhanced tumor growth inhibition but helped address limitations of conventional PDT, including restricted tissue penetration
and insufficient ROS generation. These findings suggest that integrating PDT with radiotherapy may improve therapeutic
efficacy while overcoming some of the limitations associated with either modality alone.

Recent advances have focused on the development of multifunctional nanocarriers. Wang et al and Zhang et al
proposed nanoplatforms incorporating scintillators and semiconductors within a single carrier, enabling the activation of
PDT by ionizing radiation and thereby addressing key limitations of conventional PDT, such as poor tissue penetration
and oxygen dependence.***** Mou et al developed a multifunctional nanocarrier composed of titanium dioxide and
conventional nanocomposite materials, enabling the integration of PDT with image-guided radiotherapy for tumor
treatment.*> By compensating for the limitations of single-modality therapies, the use of PDT and radiotherapy represents
a promising strategy for enhancing antitumor efficacy and holds considerable potential for clinical translation.

PDT Combined with Immunotherapy
Immunotherapy exerts its therapeutic effects by activating the immune system to recognize and eliminate malignant cells
while promoting the establishment of durable immune memory capable of preventing tumor recurrence and metastasis.
The combination of PDT and immunotherapy has attracted considerable attention, with numerous studies demonstrating
enhanced antitumor efficacy.

For example, Kim et al used a BI6F10 melanoma model in which Ce6-loaded nanoparticle-based PDT was combined

with anti-programmed death-ligand 1 (PD-L1) antibodies and immune checkpoint blockade.*®

This combination strategy
significantly inhibited tumor metastasis and prolonged survival through the promotion of dendritic cell maturation,
cytokine production, and CD8" T-cell proliferation, thereby suppressing distant tumor dissemination. Gao et al investi-
gated integrin avpo6-targeted PDT using phthalocyanine dye-labeled probes in combination with anti-PD-1 immune
checkpoint inhibitors and demonstrated enhanced antitumor activity.*’ Similarly, Hwang et al reported that PDT
combined with the toll-like receptor 5 agonist flagellin and tumor-specific peptide vaccines elicited robust systemic
antitumor immune responses, which were further enhanced by the addition of PD-1 checkpoint blockade.*®*°

Nanocarrier-based systems have also been engineered to simultaneously modulate tumor immunity and deliver photo-
dynamic agents. For example, core—shell NPs encapsulating oxaliplatin within the core and photosensitizer—lipid conjugates
within the shell have been shown to reduce tumor-mediated immunosuppression and enhance therapeutic efficacy.”®

The synergistic potential of PDT-based combination therapies extends beyond simple additive cytotoxic effects to encompass
broader immunomodulatory mechanisms. PDT-induced immunogenic cell death promotes the release of damage-associated
molecular patterns (DAMPs) and tumor-associated antigens, thereby enhancing antigen presentation, dendritic cell activation,
and T-cell priming. When combined with immune checkpoint inhibitors, such as anti-PD-1 or anti-CTLA-4 antibodies, or with
dendritic cell-based vaccines these immune-stimulatory effects can generate systemic antitumor immunity, including abscopal
responses against metastatic lesions. Preclinical studies have demonstrated significantly prolonged survival and enhanced tumor
suppression, with improvements of approximately 40-60% compared with monotherapy approaches.

In addition to immunotherapy, emerging PDT-radiotherapy nanoplatforms exploit scintillation-mediated activation or
catalytic oxygen-generation mechanisms to amplify ROS production under hypoxic conditions. These approaches help
overcome the oxygen-dependent limitations of conventional PDT while simultaneously inducing synergistic DNA
damage through complementary oxidative stress pathways.

Overall, the combination of PDT and immunotherapy has demonstrated significant efficacy against primary tumors
while effectively suppressing metastatic spread and tumor recurrence. The integration of nanocarrier-based delivery
systems enables precise control over drug delivery and enhances tumor-specific targeting, thereby improving the
therapeutic efficacy of PDT and providing a promising multimodal strategy for cancer treatment.

Despite encouraging preclinical outcomes, the clinical translation of nanomaterial-based PDT remains limited. Table S3
summarizes the current clinical status of available PSs, including approved indications, the incorporation of nano-delivery

systems, and the developmental stages of nano-PDT formulations currently undergoing clinical evaluation.
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Biosafety, Toxicity, and Regulatory Considerations
The widespread preclinical success of nanomaterial-based PDT has increased attention to biosafety concerns and unresolved
regulatory challenges that continue to hinder clinical translation.’’ Toxicological risks observed in vivo primarily arise from
the intrinsic physicochemical properties of engineered nanomaterials, including particle size, surface charge, morphology,
composition, and surface functionalization. Following systemic administration, many inorganic and synthetic polymeric NPs
exhibit prolonged accumulation within the liver, spleen, kidneys, and reticuloendothelial system due to limited metabolic
degradation and clearance. The long-term retention of these nanomaterials may induce chronic inflammation, organ injury,
and oxidative stress from sustained ROS generation beyond therapeutic requirements.>*>> Uncontrolled off-target diffusion of
ROS into adjacent healthy tissues during light irradiation may damage cellular membranes, mitochondria, and intracellular
biomacromolecules, thereby exacerbating treatment-related adverse effects.>® Silver-based NPs, which are widely used in
PDT formulations, may pose unique systemic toxicity concerns because of their prolonged in vivo retention and potential to
induce non-specific oxidative damage in healthy tissues and organs.>® Immunogenicity represents another major biosafety
concern in nanomaterial-based PDT.>® Exogenous nano-systems may be recognized and internalized by tissue-resident
macrophages and dendritic cells, thereby triggering innate immune responses accompanied by the release of pro-
inflammatory cytokines. In addition, surface-conjugated targeting ligands, residual synthesis-related impurities, and degrada-
tion products may act as exogenous antigens that activate adaptive immune responses, leading to accelerated in vivo clearance
of PSs and reduced PDT efficacy, while increasing the risk of hypersensitivity reactions.’’>® Variability in nanocarrier-
mediated photosensitizer delivery may contribute to unpredictable systemic adverse effects during PDT-based combination
therapies.” From a regulatory perspective, existing pharmaceutical regulatory frameworks lack harmonized guidelines
specifically tailored to nano-PDT formulations.’' Regulatory requirements vary considerably across regions with respect to
raw material qualification, in vitro toxicity assessment, in vivo biodistribution evaluation, and clinical trial approval criteria.>®
Most current evaluation frameworks were developed for conventional small-molecule PSs and therefore do not fully address
the unique challenges associated with nano-formulations, including nanotoxicity, long-term biocompatibility, and delayed
cumulative adverse effects. As a result, the regulatory evaluation and clinical development of novel nano-photosensitizer
platforms are often prolonged and resource-intensive.

The absence of standardized requirements for impurity profiling, manufacturing quality control, and product char-
acterization further impedes the industrial-scale development and clinical implementation of nano-PDT formulations.®°

Standardization Challenges and Evaluation Metrics in Nano-PDT

Large-scale manufacturing and the establishment of standardized performance evaluation systems remain major challenges
limiting the clinical translation and widespread adoption of nanomaterial-mediated PDT. During manufacturing, achieving
batch-to-batch consistency in nanoparticle size distribution, surface functionalization, photosensitizer encapsulation effi-
ciency, and morphological uniformity remains technically challenging. Even subtle variations in synthesis parameters can
directly influence tumor accumulation, ROS generation efficiency, and systemic toxicological profiles in vivo, resulting in
variability in therapeutic outcomes across different production batches.®' Furthermore, the diversity of formulation strategies
used for polymeric and inorganic nanocarriers contributes additional variability during industrial-scale production.®?

The lack of universally accepted quantitative evaluation metrics further complicates the standardized assessment of
nano-PDT systems. Currently, no comprehensive assessment framework encompasses the full range of parameters
required for nano-PDT characterization, including physicochemical properties, in vitro biological performance, pharma-
cokinetics, biodistribution, and in vivo antitumor efficacy.®® Conventional evaluation indicators primarily include singlet
oxygen quantum yield, drug-loading efficiency, and in vitro cancer cell inhibition rates. However, standardized quanti-
tative criteria for assessing Type I photochemical activity under hypoxic conditions, active tumor-targeting capability,
in vivo biodegradation kinetics, and long-term toxicity remain insufficiently developed.

In addition, substantial heterogeneity exists among preclinical studies with respect to experimental design, irradiation
parameters, tumor models, and efficacy endpoints. This variability limits the comparability of published findings and

contributes to challenges in reproducibility and cross-study validation.®*
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The establishment of standardized clinical evaluation frameworks has not kept pace with advances in preclinical
nano-PDT research. Currently, no universally accepted clinical evaluation guidelines have been established for nano-PDT
with respect to optimal light irradiation parameters, dosing regimens, post-treatment imaging assessment criteria, and
long-term safety monitoring.®> The absence of standardized evaluation metrics not only hinders objective comparisons
among emerging nano-photosensitizer platforms but also complicates the development of unified clinical protocols for
multimodal nano-PDT regimens combined with chemotherapy, radiotherapy, or immunotherapy.®®

Potential Challenges and Current Limitations of Nanomaterials in PDT Applications
Despite the substantial advances enabled by nanomaterials in PDT, important concerns continue to hinder their clinical
translation and widespread application. In particular, unresolved issues related to long-term biosafety, biodegradability,
and immunogenicity remain significant barriers to clinical application.

Long-term in vivo safety remains insufficiently characterized, and potential toxicological risks have not been fully
defined. Due to their small size (typically <100 nm), nanomaterials exhibit biological behaviors that differ significantly
from those of conventional materials. Following systemic administration, many nanomaterials may evade efficient
clearance and accumulate within organs, including the liver, spleen, and kidneys, potentially resulting in organ dysfunc-
tion. The physicochemical properties of nanomaterials, such as particle size, surface charge, morphology, and surface
chemistry can substantially influence biodistribution, cellular uptake, and toxicity profiles. Currently, systematic long-
term toxicological data, particularly regarding chronic toxicity, genotoxicity, and reproductive toxicity, remain limited.
Excessive ROS generated during PDT may diffuse into surrounding normal tissues, inducing oxidative stress and
damaging cellular components, thereby further exacerbating potential toxic effects.

Limited biodegradability makes long-term in vivo accumulation difficult to avoid. Ideally, nanomaterials should
undergo controlled degradation into non-toxic small molecules that can be efficiently eliminated following completion of
their therapeutic function. However, many commonly used nanomaterials, including metallic NPs, carbon-based nano-
materials, and certain synthetic polymers, exhibit poor biodegradability. For example, gold and silver NPs are highly
resistant to enzymatic degradation, whereas carbon nanotubes and graphene-based materials degrade very slowly because
of their chemical stability, potentially leading to chronic inflammation and fibrosis. Even biodegradable nanomaterials
present formulation challenges, as rapid degradation may result in premature PS release and reduced therapeutic efficacy,
whereas delayed degradation may increase material accumulation within tissues. Moreover, the biological effects and
toxicological profiles of degradation products remain incompletely understood.

Immunogenicity of nanomaterials also remains a significant concern, as these materials can readily trigger immune
responses. As exogenous substances, nanomaterials may be recognized by the immune system and internalized by
macrophages, dendritic cells, and other phagocytic cells, thereby activating innate immune responses and promoting the
release of inflammatory cytokines. Excessive immune activation may result in tissue injury or, in some cases, contribute
to immune-mediated disorders. In addition, surface-modifying agents and degradation products may act as antigens
capable of stimulating adaptive immune responses and promoting the production of specific antibodies. This process can
accelerate the clearance of nanomaterials, thereby reducing therapeutic efficacy, and may increase the risk of hypersen-
sitivity reactions. Currently, knowledge regarding the long-term immunological consequences of repeated nanomaterial
exposure remains limited, and effective strategies for immune modulation require further investigation.

Beyond these core challenges, several related issues remain to be addressed. The large-scale manufacturing of high-
performance nanomaterials remains technically challenging, and maintaining consistent control of particle size, mor-
phology, and surface characteristics is often difficult to achieve, thereby increasing uncertainty regarding clinical
performance. Studies evaluating the pharmacokinetics and pharmacodynamics of nanomaterial-based PDT systems
remain limited. Comprehensive data describing in vivo absorption, biodistribution, metabolism, clearance, and long-
term retention are still lacking.

Clinical translation continues to face both technical and regulatory challenges. Dedicated regulatory pathways,
standardized characterization methods, and harmonized quality-control requirements for PDT-related nanomaterials
have yet to be fully established. These challenges contribute to the slow progression of many promising nano-PDT
technologies from preclinical research to clinical application.
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Conclusion and Outlook

PDT, whether used as a standalone treatment modality or in combination with chemotherapy, radiotherapy, or immunotherapy,
has emerged as a promising strategy for cancer treatment because of its selective antitumor activity, favorable safety profile,
and potential for synergistic therapeutic effects. However, its broader clinical application continues to be constrained by
several persistent challenges, including the limited penetration depth of activating light, hypoxia-mediated resistance within
the tumor microenvironment, and insufficient tumor-specific accumulation of conventional PSs. The development of
nanomaterial-based delivery systems has provided promising solutions to many of these limitations. By improving photo-
sensitizer solubility, enhancing tumor-targeting efficiency, and enabling modulation of the tumor microenvironment, nano-
materials have substantially expanded the therapeutic potential of PDT.

Future optimization of PDT should encompass both technological and biological innovations. Refinement of irradiation
parameters, including wavelength selection, power density, and irradiation duration, should proceed in parallel with the
development of next-generation nano-photosensitizers capable of deep-tissue activation, improved tumor selectivity, and
modulation of the tumor microenvironment. Such advances may further facilitate the transition of PDT toward more precise
and personalized cancer treatment strategies. A systematic annual assessment of developments in PDT technology, clinical
translation, combination therapeutic approaches, and mechanistic understanding is summarized in Table S4.

Several priorities should be considered for future development: (O the design of PSs with enhanced tissue penetration
to improve the treatment of deep-seated tumors; @ the development of advanced targeting strategies that increase
photosensitizer accumulation and retention within tumor tissues; ® the incorporation of oxygen-generating photosensi-
tizer systems to overcome hypoxia-associated therapeutic resistance; and @ the optimization of PS selectivity and safety
profiles to maximize therapeutic efficacy while minimizing off-target toxicity.

The integration of nanotechnology and oncology represents a promising direction for future cancer therapy.
Engineered nanomaterials possess favorable biocompatibility, tunable physicochemical properties, and enhanced perme-
ability and retention properties that support both passive accumulation and active targeting within tumor tissues. These
characteristics help address several key limitations of conventional PDT, including nonspecific biodistribution, poor
aqueous solubility of hydrophobic PSs, and hypoxia-related reductions in therapeutic efficacy. Consequently, nanoma-
terial-mediated PDT has emerged as a promising therapeutic approach for the treatment of malignant tumors.

Despite these advances, the translation of preclinical findings into routine clinical practice remains challenging. Major
barriers include unresolved biosafety concerns, limited long-term toxicity data, manufacturing and quality-control require-
ments, regulatory complexity, and the biological heterogeneity of human tumors. Realizing the full clinical potential of nano-
PDT will require sustained interdisciplinary collaboration among researchers in materials science, photochemistry, pharma-
cology, and clinical oncology. Future research should focus on the rational design of stimuli-responsive and clinically
translatable photosensitizer systems, improved strategies for tumor microenvironment modulation, and rigorous evaluation
through well-designed clinical studies. Addressing these challenges will facilitate the development of safer, more effective,
and clinically applicable nano-PDT platforms, ultimately advancing the role of PDT in precision cancer therapy.
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