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Abstract: Inducing immunogenic cell death (ICD) can tackle the issue of low immune response levels in tumor immunotherapy.
Photodynamic therapy (PDT) uses photosensitizers to generate reactive oxygen species that kill tumor cells, while photothermal
therapy (PTT) directly uses heat from photothermal converters to destroy tumor cells. However, these single treatments have their
limitations. The development of optical therapy nanodelivery systems, along with the combination of PTT/PDT with chemotherapy
and immunotherapy, offers new strategies for tumor immunotherapy. This article explores the application of PDT and PTT mediated
by nanodelivery systems in promoting immunogenic cell death in tumor cells. This article explores nano-delivery systems that
precisely release photosensitizers to boost efficacy and reduce toxicity. It also discusses their potential for combination therapy through
co-delivery, utilizing multimodal strategies to enhance both phototherapy and chemotherapy, thus improving anticancer effectiveness.
Keywords: photodynamic therapy, photothermal therapy, immunogenic cell death, delivery system, nano

Introduction

The incidence and mortality rate of cancer continue to rise, and traditional treatments such as surgery, radiotherapy, and
chemotherapy have certain limitations. Surgery may damage surrounding tissues and is difficult to treat metastatic
tumors; radiotherapy can damage normal tissues, and some tumors are also insensitive to it; chemotherapy has severe
side effects and can easily lead to drug resistance. Compared with traditional chemotherapy or radiotherapy, immu-
notherapy has fewer side effects and less impact on the quality of life of patients. Among them, checkpoint inhibitors, as
a means of tumor immunotherapy, restore the activity of tumor-specific T cells by blocking immune checkpoint pathways
such as PD-1/PD-L1, allowing the immune system to more effectively identify and attack tumor cells." Checkpoint
inhibitors have made significant progress in the treatment of tumors, but the treatment of cold tumors remains
a challenge. Cold tumors are characterized by a lack of T cell infiltration and a weak immune response, making them
less responsive to treatments like checkpoint inhibitors. The relationship between cold tumors and ICD is pivotal because
ICD has the potential to transform cold tumors into “hot” tumors.” ICD triggers the release of tumor antigens and
DAMPs, which attract and activate immune cells, particularly dendritic cells. These cells then present the antigens to
T cells, initiating a robust immune response.>* This process is vital for overcoming the immunosuppressive microenvir-

onment of cold tumors and enhancing the efficacy of immunotherapy.” The immune microenvironment of cold tumors
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affects the efficacy of tumor immunotherapy through a variety of mechanisms.® First, cold tumors have less T cell
infiltration, especially effector T cells, resulting in a weak immune response. Second, tumor cells may express fewer
tumor-associated antigens or have defective antigen presentation mechanisms, making it difficult for the immune system
to recognize and attack tumor cells. In addition, high levels of immunosuppressive factors and immunosuppressive cells
are present in the cold tumor microenvironment, and these factors work together to create an inhibitory microenviron-
ment that reduces the function and activity of immune cells.”® These factors work together to result in a poor response to
current immunotherapy strategies in cold tumors.’

Immunogenic cell death is a form of programmed cell death that usually involves the stress response within tumor cells,
leading to the release of damage-associated molecular patterns (DAMPs) that can activate the immune system and promote the
recognition of tumors by the immune system. Immunogenic cell death is different from traditional apoptosis or necrosis, can
activate the body’s immune response, triggering a specific immune response and enhancing anti-tumor immunity.
Immunogenic cell death (ICD) is a special form of programmed cell death characterized by the ability to activate the
body’s immune system, thereby enhancing the anti-tumor immune response. The mechanism of ICD involves a series of
molecular events, including endoplasmic reticulum stress (ER stress), the release of heat shock proteins (HSPs), the release of
the high-mobility group protein Bl (HMGBI), and the release of adenosine triphosphate (ATP).'® Endoplasmic reticulum
stress results in the transfer of calreticulin (CRT) from the lumen of the endoplasmic reticulum to the outer surface of the cell
membrane, where it is recognized and engulfed by dendritic cells (DCs) as a “eat me” signal.'' HSPs, such as HSP70 and
HSP90, bind to CD91 receptors on the surface of DCs, promoting their maturation and activation. HMGBI, as a nuclear
protein, is released into the extracellular space after CRT exposure and binds to the TLR4 receptor on the surface of DCs to
enhance antigen presentation ability. The release of ATP acts as a “find me” signal, attracting DCs and promoting their
maturation and activation. Photodynamic therapy (PDT) induces endoplasmic reticulum stress through the production of
reactive oxygen species (ROS), leading to CRT exposure and HMGBI release, while promoting ATP release, activating DCs.
Photothermal therapy (PTT) uses photothermal agents to convert light energy into heat energy, disrupt cell membranes and
release DAMPs (such as CRT, HSPs, and HMGBI) to attract and activate immune cells.'> Although PDT and PTT have
shown great potential in inducing ICD, their clinical translation still faces challenges such as light penetration, nanoparticle
clearance, and biocompatibility. Future studies should optimize the biocompatibility of nanomaterials and verify their efficacy
and safety through clinical trials, while exploring their combination with other therapies (such as immune checkpoint
inhibitors) to further improve the therapeutic effect'> Conditions that can induce immunogenic cell death include viral
infection, chemotherapy drugs such as anthracyclines and oxaliplatin, specific radiotherapy, and photodynamic therapy, which
can lead to the release of danger signal molecules that are recognized by the immune system, thereby initiating the relevant
immune response. Compared to drug-induced immunogenic cell death, photothermal therapy (PTT) and photodynamic
therapy (PDT) have advantages. PTT can be repeatedly treated, has strong targeting, achieves high localization, can be
applied to difficult-to-operate areas, and can improve efficacy when combined with chemotherapy. PDT has the advantages of
high selectivity, low side effects, high spatiotemporal precision and resistance to multidrug resistance, and has been rapidly
developed in clinical tumor treatment.

In recent years, significant progress has been made in the clinical application of PDT and PTT. FDA-approved
photosensitizers like Photofrin® and Verteporfin are now used to treat lung cancer, esophageal cancer, and AMD by
generating ROS or localized heat to induce tumor cell death. However, challenges such as tumor hypoxia and limited
light penetration depth persist. Nanotechnology has emerged as a transformative solution to these limitations. Nano-
delivery systems—including liposomes, polymeric nanoparticles, and MOFs—enhance the solubility, stability, and
tumor-targeting precision of photosensitizers and photothermal agents. These systems can be engineered to respond to
pH, temperature, or enzymes, further improving therapeutic specificity. Despite these advances, critical gaps remain:
while PDT/PTT are known to induce ICD, the immunological role of nano-delivery systems in amplifying ICD and anti-
tumor immunity is underexplored. Most research focuses on material properties rather than immune outcomes, and
clinical translation requires rigorous validation of safety and efficacy.

This review uniquely bridges these gaps by systematically analyzing how nano-delivery systems optimize ICD induction.
Unlike prior works that emphasized PDT/PTT mechanisms or immunotherapy combinations and focused more on specific
aspects, such as the role of PDT in inducing immunogenic cell death and the application of ROS in cancer therapy, we
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highlight nano-carriers as immunological modulators. We detail strategies to overcome hypoxia, improve targeting, and
a more comprehensive perspective, covering the combined application of PDT and PTT, the combination application with
chemotherapy, offering a roadmap for clinical implementation. Our approach provides a holistic perspective, integrating
nanomaterial design with immune activation, while addressing challenges in scalability and biocompatibility.

A critical evaluation of the potential risks, cost-effectiveness, and scalability of nano delivery-based phototherapies is
essential to provide a balanced perspective. While nano delivery systems offer significant advantages, they also introduce
potential risks such as biocompatibility concerns and long-term toxicity. The cost of developing and manufacturing these
complex nanostructures can be prohibitive, and their scalability for widespread clinical use remains uncertain. In
addition, conflicting results from existing studies highlight the variability of treatment outcomes, with some case reports
of success, for example, Au@PDA@DOX nanoparticles achieved 80% tumor regression in prostate cancer models by
DAMP release. Others fail due to tumor resistance or suboptimal nanoparticle delivery. For example, in hypoxic
pancreatic tumors, graphene-based PTTs failed to elicit ICDs due to insufficient HSP70 release, whereas PDT resistance
occurred in CSCs overexpressing the ABCG?2 transporter; Only 0.7-5% of intravenously administered nanoparticles
reach tumors, and the stromal barrier in fibroproliferative neoplasms further reduces accumulation by >50%. This
underscores the need for more standardized and rigorous research methodologies to ensure consistent and reliable results.

In this review, we explain the mechanism by which phototherapy induces immunogenic cell death, as well as the
advantages of using nanodelivery systems to deliver photosensitizers that trigger immunogenic cell death (Figure 1).

Mechanisms of Immunogenic Cell Death Induced by Photodynamic
Therapy

Photodynamic Therapy (PDT) is a therapeutic approach based on photosensitizers and light irradiation. When the
photosensitizer is activated by light at a specific wavelength, it reacts with oxygen molecules, generating reactive oxygen
species (ROS).'* The highly active ROS produced by these photosensitizers can cause irreversible damage to tumor cells,
leading to cell death (Table 1). The first-generation photosensitizers are typically based on naturally occurring com-
pounds, such as porphyrins and riboflavin. These photosensitizers can generate singlet oxygen (*10,) upon irradiation
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Figure | Immunogenic cell death induced by PDT/ PTT in vivo.
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Table | Representative PDT Photosensitizers and Their Mechanisms

photosensitizer

wavelength light
(664 nm laser light)

cancers, especially for cancers poorly

responsive to chemoradiotherapy.

cellular damage and apoptosis or necrosis. It enhances
treatment effectiveness for difficult-to-treat tumors.

Name of Material Properties Activation Mode Clinical Application Cases Mechanism of Action Reference
Photosensitizer
Photofrin® Porphyrin oligomer Activated by specific Used for the treatment of lung cancer, Photofrin® is activated by light to produce reactive oxygen Batoul Dhaini
mixture wavelength light esophageal cancer, cervical cancer, and species (ROS), causing direct damage to cellular structures, etal'”
(630 nm laser light) various other types of cancers. leading to cell death through apoptosis or necrosis. It also
disrupts tumor vasculature and may stimulate an immune
response against tumor cells.
Foscan® Metallophthalocyanine Activated by specific | Used for the treatment of specific cancers, Foscan® generates ROS when activated by light, causing Meier Daniela
compound wavelength light mainly head and neck cancers and skin oxidative damage and cell death. The treatment involves direct etal'®
(652 nm laser light) cancers. tumor cell damage and potential immune activation.
Visudyne® Benzoxazole derivative | Activated by specific Ophthalmic photosensitizer, used for the Visudyne® produces ROS upon activation, targeting and Gamal-Eldeen
wavelength light treatment of wet age-related macular destroying abnormal blood vessels in the retina, reducing Amira M et al'’
(689 nm laser light) degeneration (AMD), reducing abnormal angiogenesis. It involves direct vascular endothelial damage.
angiogenesis.
Metvixia® Aminolevulinic acid Activated by specific Used for the treatment of skin cancers, Metvixia® is converted into a photosensitizer in the body, C. Fievet
derivative wavelength light particularly for basal cell carcinoma and generating ROS upon activation, leading to cancer cell et al®
(630 nm laser light) squamous cell carcinoma. destruction. It is used topically for superficial skin cancers.
Talaporfin sodium Phthalocyanine-type Activated by specific Used for the treatment of head and neck Talaporfin sodium produces ROS upon activation, causing Tsunoi

Yasuyuki et al?'
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with light at specific wavelengths, and induce target cell damage through oxidative reactions. The primary mechanism of
action is through photoexcitation of the photosensitizer, generating ROS that directly leads to cell death. The drawbacks
of the first-generation photosensitizers are their limited light absorption range and uneven distribution in the body, which
can lead to non-specific damage. The second-generation photosensitizers have been chemically improved upon the first-
generation, such as aluminum phthalocyanine. These photosensitizers usually have higher light absorption efficiency and
stronger tumor selectivity, allowing them to accumulate more effectively in tumor tissues. The mechanism of action not
only relies on ROS generation, but also involves interactions with cell membranes, mitochondria, and other cellular
structures.'>'® The design of these photosensitizers aims to improve their accumulation in the tumor site, thereby
reducing damage to normal tissues and enhancing the therapeutic effect. The third-generation photosensitizers are
typically synthetic organic molecules or nanomaterials. These photosensitizers overcome the problems of hydrophobicity
and targeting through active targeting (conjugation with tumor-targeting moieties) and passive targeting (utilizing the
EPR effect, loading into nano-carriers), thereby improving the efficacy and safety of the treatment.

In photodynamic therapy, tumor cells die due to the generation of ROS, which in turn triggers an immune response.
Photodynamic therapy causes tumor cell lysis, releasing tumor antigens that can activate dendritic cells (DCs). These
DCs can recognize and engulf the tumor antigens, thereby activating T cells and promoting the development of a specific
immune response. The generation of ROS can also promote the release of pro-inflammatory cytokines®* such as IL-1, IL-
6, and TNF-0, which play an important role in the activation and proliferation of immune cells. After photodynamic
therapy, the tumor-derived antigens are captured by DCs, which then present them to CD4+ and CD8+ T cells via MHC
molecules, activating their proliferation and differentiation. T cell stimulation and proliferation are key to generating an
effective immune response, the specific T cells can recognize and attack tumor cells. Photodynamic therapy can also
promote the activation of natural killer (NK) cells, which can directly recognize and kill tumor cells, enhancing the anti-
tumor immune response.

The photosensitizer plays a crucial role in the efficacy of PDT for tumor treatment. However, most photosensitizers
have high hydrophobicity, low bioavailability, and poor tumor targeting, which may also damage normal tissues after
administration, limiting their application in cancer treatment. Nano-delivery System can increase the solubility of
photosensitizers, improve their stability, and enhance tumor targeting. Furthermore, Nano-delivery System can combine
PDT with other cancer treatment modalities to improve the overall therapeutic effect.

Mechanisms of Immunogenic Cell Death Induced by Photothermal
Therapy

Photothermal therapy (PTT) is a non-invasive cancer treatment that uses photothermal agents (PTAs) to convert light
energy into heat energy” and plays an important role in biomedicine (Table 2). When PTAs are exposed to near-infrared
(NIR) light, they absorb photon energy, transitioning from the ground singlet state to the excited singlet state. The excited
energy is then dissipated through non-radiative decay, such as vibrational relaxation, resulting in an increase in the
kinetic energy of the surrounding molecules, thereby generating heat.** When the tissue temperature reaches 41°C, the
body initiates a heat shock response, producing heat shock proteins (HSPs) to resist the initial thermal damage.”> At
42°C, the tissue will undergo irreversible damage; maintaining the temperature at 42-46°C for 10 minutes can cause cell
necrosis; further increasing the temperature to 46—52°C will lead to rapid cell death due to ischemia from microvascular
thrombosis; and temperatures above 60°C can instantly cause cell death due to protein denaturation and membrane
disruption.”® In the process of tumor photothermal therapy, the local tumor temperature is a critical factor determining the
success of the treatment.”” On one hand, to achieve the desired photothermal therapeutic effect, the local tumor
temperature typically needs to be raised above 50°C. On the other hand, such high temperatures may also damage the
normal tissues surrounding the tumor and limit the depth of laser penetration. Therefore, mild photothermal therapy
(MPTT) (<45°C) is gaining attention as it can minimize damage to normal tissues, although it may reduce the tumor-
killing efficacy. Fortunately, combining MPTT with other drugs or therapies to create a multi-modal synergistic treatment

system can compensate for this limitation. In this system, the performance of the PTA is crucial.
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Table 2 Representative PTT Photosensitizers and Their Mechanisms

Material Material Type Activation Method Clinical Application Description Reference
Name
GNRs Capsule-like gold Local Surface Plasmon Resonance (LSPR) GNRs are used in photothermal therapy (PTT) for cancer treatment, Gao et al®®
nanoparticles including lung and pancreatic cancer. For example, gold nanorods
hybridized with upconversion particles have been used for single 808
nm laser treatment comprising photothermal and photodynamic
therapies.
CNTs One-dimensional Surface Plasmon Resonance (SPR) The photothermal effect of CNT can enhance the release of tumor Mansoor Farbod
nanomaterials antigens, thereby activating the immune system and fighting tumor cells, et al®
and the use of CNT under near-infrared light irradiation for a variety of
tumor types (such as breast cancer, lung cancer and liver cancer) has
been studied, and the results have shown better therapeutic effects and
lower side effects.
Graphene Two-dimensional Excellent optical properties, energy conversion capabilities, and | Graphene is used in PTT for its high surface area to volume ratio and Asadi Mahnaz
carbon nanomaterial thermal conductivity photothermal effect. It has been explored for use in tissue engineering et al®®
and regenerative medicine, including bone, nerve, heart, and muscle
tissue engineering.
MXenes Two-dimensional The introduction of metallic elements and surface hydroxyl or MXenes have shown potential in preclinical studies for tumor Shankhadip Nandi
inorganic compounds oxygen groups in the structure gives it a pronounced surface treatment due to their high photothermal conversion efficiency and etal
plasmon resonance that can effectively absorb light energy rich surface functional groups. They have been used in photothermal
therapy, photodynamic therapy, and luminescence imaging probes.
ICG Organic material Photophysical properties and biocompatibility ICG is used in ophthalmic surgery and is studied for its photothermal Guo et al*?

effects in PTT. It has been used for the treatment of wet age-related

macular degeneration (AMD), reducing abnormal angiogenesis.
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The ideal PTA should have high water solubility, good biocompatibility, high photothermal conversion efficiency, and
good tumor targeting ability. These properties directly affect the efficacy of photothermal therapy. PTAs can be inorganic
materials such as gold nanostructures®® and carbon-based materials, or organic materials such as cyanine dyes, all of
which play important roles in tumor treatment. Photothermal conversion agents can be broadly classified into the

following categories: 1) Metal nanoparticles,®*>¢

such as gold nanoparticles, which exhibit excellent photothermal
conversion efficiency. Under near-infrared light irradiation, gold nanoparticles can effectively convert light energy into
thermal energy, leading to a localized temperature increase that induces tumor cell death. 2) Carbon-based materials also
possess good photothermal conversion properties. Their high thermal conductivity allows for rapid heat propagation
under light illumination, enabling effective killing of tumor cells. Furthermore, their excellent biocompatibility and
modifiability make them widely applicable in the biomedical field. 3) Polymer-based materials can have relatively high
photothermal conversion efficiency. Their structures can be tuned through different synthesis methods to optimize their
photothermal characteristics. Some of these materials are often derived from natural plants, exhibiting good biocompat-
ibility and biodegradability, allowing for efficient thermal energy conversion under light exposure.

The mechanisms of immunogenic cell death induced by photothermal therapy primarily include the following aspects.
Changes in cell membrane: Photothermal therapy increases the temperature of tumor cells, leading to changes in the structure
of the cell membrane. The disruption of the cell membrane exposes tumor-associated antigens, which can be recognized by
immune cells, thereby triggering a specific immune response. Studies have shown that after photothermal treatment, the
morphological changes in the tumor cell membrane result in the formation of antigen particles that can be captured and
processed by dendritic cells (DCs). Release of DAMPs:' During the process of photothermal therapy, the death of tumor cells
is accompanied by the release of a series of DAMPs, such as heat shock proteins (HSPs), high-mobility group box 1
(HMGBI), and adenosine triphosphate (ATP). These molecular signals can attract and activate immune cells. The release of
DAMPs not only enhances the immune cells’ ability to recognize tumor antigens but also promotes the activation of immune
cells, further strengthening the anti-tumor immune response. Antigen presentation: The released tumor antigens and DAMPs>”
are engulfed and presented by dendritic cells to T cells. This process is a crucial step in activating the adaptive immune
response. Dendritic cells present the antigens to cytotoxic CD8+ T cells and helper CD4+ T cells through their surface major
histocompatibility complex (MHC)*” molecules, and the latter play an important role in enhancing the anti-tumor activity of
T cells. Activation of immune cells: The immunogenic cell death induced by photothermal therapy not only causes the release
of antigens and DAMPs from tumor cells but also directly activates immune cells. Through the released DAMPs, immune
cells are activated and begin to attack the tumor cells. When T cells recognize infected or transformed cells, they release
cytokines (such as interferon-y), further enhancing the body’s immune response. Establishment of memory immune response:
During the process of immunogenic cell death induced by photothermal therapy, the generated memory T cells can provide
protection against future tumor recurrence.’® These memory cells can quickly recognize and attack the reappearing tumor
cells, thereby reducing the risk of recurrence and improving the patient’s survival rate. Photothermal therapy not only can
directly kill tumor cells but also can enhance the anti-tumor capacity of the immune system by the induction of immunogenic
cell death. This comprehensive treatment strategy makes photothermal therapy a promising option in in improving treatment
efficacy and reducing the risk of tumor recurrence.

Research on Nano Delivery for PDT-Induced ICD for Tumor

Immunotherapy

Based on whether the endoplasmic reticulum (ER) is the primary target, ICD-inducing agents can be classified into
type 1 and type II. Type I agents do not primarily target the ER, but induce mild ER stress and the release of
immunogenic molecules in tumor cells. Radiotherapy and most chemotherapeutic drugs belong to this category. In
contrast, type II agents selectively target the ER, triggering ER stress-dependent release of danger signals and
apoptotic signals through reactive oxygen species (ROS)-dependent mechanisms,’® leading to more robust ER stress
and higher ROS levels, and the release of more damage-associated molecular patterns, thereby generating a stronger
anti-tumor immune response.*® In a study, Liu et al successfully constructed a Mn@CaCO;/ICG@siRNA nanometer
platform that aims to enhance the effect of photodynamic therapy and inhibit the resistance/evasion of tumor cells by
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integrating PDT with immunotherapy (Figure 2A).*' The preparation of Mn@CaCO4/ICG nanoparticles involves the
reduction of potassium permanganate by PAH with MnO, nanoparticles as the core, followed by the modification of
the pH-responsive CaCO; layer on the surface of MnO,, and the simultaneous encapsulation of ICG molecules
(Mn@CaCO3/ICG). The PD-L1-targeting siRNA is loaded onto a positively charged Mn@CaCO5/ICG through
electrostatic interaction to form the final nanoplatform (Mn@CaCO3/ICG@siRNA). In the tumor microenvironment,
the nanoplatform not only exhibits enhanced photodynamic therapy effects in vitro due to the protective effect of the
CaCO; layer on ICG and the oxygen produced by MnO,, but also effectively alleviates tumor hypoxia by
decomposing endogenous hydrogen peroxide into oxygen.** This dual action significantly boosts the production
of reactive oxygen species (ROS) and promotes the release of damage-associated molecular patterns (DAMPs),
thereby activating dendritic cells (DCs) and triggering a robust anti-tumor immune response. In vivo experiments
further confirmed that the nanoplatform can effectively deliver drugs to tumor tissues and significantly improve
tumor hypoxia, thereby enhancing the in vivo therapeutic effect of PDT. Additionally, the synergistic effect of
siRNAs silences the checkpoint gene PD-L1, which mediates immune resistance/evasion, producing a therapeutic
effect that awakens the immune system and leads to tumor cell apoptosis and necrosis, as illustrated in the cancer
immunity cycle activation diagram.

The cancer immunity cycle involves a series of steps that generate and amplify anti-cancer immune responses. Sasaki M et al
elaborated that tumor cell killing by Tumor-Seeking Photodynamic Therapy (TS-PDT) initiates this cycle by promoting the
release of neoantigens and the induction of Damage-Associated Molecular Patterns (Figure 2B).* Specifically, TS-PDT employs
light-activated photosensitizers to induce tumor cell death, which leads to the release of tumor-specific antigens and DAMPs.**
These molecules are then captured and processed by dendritic cells (DCs), which migrate to lymph nodes and present the
antigens to T cells via major histocompatibility complex (MHC) molecules. This antigen presentation activates CD4+ helper
T cells and CD8+ cytotoxic T cells, enhancing their proliferation and differentiation. The activated CD8+ T cells infiltrate the
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Figure 2 (A) A schematic illustration of the synthetic route of Mn@CaCO//ICG@siRNA and the mechanism of the nanoprobe-mediated photodynamic tumor
immunotherapy in vivo. Reproduced from Liu Y, Pan Y, Cao W, Xia F, Liu B, Niu J, Alfranca G, Sun X, Ma L, de la Fuente JM, Song J, Ni ], Cui D. A tumor microenvironment
responsive biodegradable CaCO[1/MnOl]-based nanoplatform for the enhanced photodynamic therapy and improved PD-L| immunotherapy. Theranostics. 2019 Sep 21;9
(23):6867-6884. © The author(s).Creative Commons Attribution License.*' (B) The cancer immunity cycle and roles of PDT and immune checkpoint inhibitors. Reproduced
from Sasaki M, Tanaka M, Kojima Y, et al. Anti-tumor immunity enhancement by photodynamic therapy with talaporfin sodium and anti-programmed death | antibody.
Molecular Therapy-Oncolytics. 2023;28:118-131. © 2023 The Authors. CC BY license.*?
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tumor microenvironment and recognize tumor cells expressing the presented antigens, leading to their destruction. Additionally,
the release of pro-inflammatory cytokines such as IL-12 and IL-18 further amplifies the immune response, promoting the
maturation and activation of DCs and the recruitment of more immune cells to the tumor site. The blockade of the anti-PD-1/PD-
L1 pathway using immune checkpoint inhibitors further enhances the cytotoxic activity of T cells against cancer cells by
preventing the suppression of T cell function mediated by these checkpoints.*® These steps collectively induce a synergistic
effect, enhancing the overall antitumor immune response and leading to sustained tumor regression and improved patient
outcomes. Lan et al* constructed a novel nanophotosensitizer Fe-TBP, which consists of Fe;O clusters and 5,10,15,20-tetrakis
(p-benzoate) porphyrin (TBP) ligands. The loading efficiency of Fe-TBP was reported to be 85%, and the release efficiency
under hypoxic conditions was 90% after 2 hours of irradiation. This MOF can effectively stimulate the ICD effect of the tumor,
thereby inducing cytotoxic T cells to infiltrate the tumor and generate an anti-tumor immune response.*’"** Fe-TBP-mediated
PDT can also significantly enhance the efficacy of anti-programmed death ligand 1 (a-PD-L1) therapy, resulting in tumor
regression of more than 90%. Other group designed a serum albumin (SA)-coated boehmite (“B”’; aluminum hydroxide) organic-
inorganic framework for loading the photosensitizers chlorin e6 (Ce6) and melittin (MLT) peptides, denoted as Ce6/MLT@SAB.
The loading efficiency of Ce6/MLT@SAB was 92%, and the release efficiency under physiological conditions was 88% after
4 hours of irradiation. In vitro experiments demonstrated that compared with free MLT, Ce6/MLT@SAB could significantly
reduce hemolysis, and MLT could enhance the inhibitory effect of PDT on tumor cells. Compared with Ce6@SAB, Ce6/
MLT@SAB enhanced the penetration of Ce6 into cancer cells in vitro and in vivo, thereby enhancing the production of
intracellular ROS. Ce6/MLT@SAB-treated cells showed significantly increased ICD levels and the ability to activate dendritic
cells. Under laser irradiation, a single injection of Ce6/MLT@SAB eradicated one-third of subcutaneous tumors in treated mice.
The combination of Ce6/MLT@SAB phototherapy with immune checkpoint blockade can further generate more CD4+ and
CDS8+ T cells in the tumor and reduce myeloid-derived suppressor cells, thereby enhancing the anti-tumor effect.*->°

The clinical efficacy of PDT is still limited by cancer stem cells (CSCs) within tumor tissues. CSC can not only
regenerate itself or become ordinary cancer cells to resist the attack of drugs, but also repair itself after its own DNA
damage, which makes the tumor difficult to treat and easily leads to tumor recurrence and metastasis. Recently, Zhao et al
designed a nano-targeted micelle that combines olaparib (OLA), which hinders CSC DNA repair, dihydroporphyrin e6
(Ceb), which produces reactive oxygen species (ROS) under infrared light, and hyaluronic acid (HA), which can recognize
CD44 receptors on the surface of CSC (Figure 3).”" HA can bind specifically to CD44 receptors overexpressed on the
surface of CSCs, targeting the delivery of OLA-laden micelles (HCCOs) to CSCs within tumors. Ce6 enables PDT
treatment of tumors by producing ROS, and induces tumor immunogenic cell death (ICD) and activates anti-tumor
immunity, characterized by the release of calreticulin (CRT) and high-mobility group box 1 (HMGB1). These damage-
associated molecular patterns (DAMPs) are recognized and processed by immature dendritic cells (DCs), promoting their
maturation and activation. The mature DCs then present tumor antigens to CD4+ and CD8+ T cells, enhancing the anti-
tumor immune response. The combination of Ce6-mediated PDT and OLA-mediated inhibition of DNA damage repair not
only coordinates the enhancement of ICD action but also inhibits the infiltration of myeloid-derived suppressor cells
(MDSCs), thereby effectively reversing the therapeutic resistance of CSC and improving the anti-tumor efficacy of PDT.
This multifaceted approach leads to the death of CSCs, reduces tumor burden, and significantly inhibits the recurrence and
metastasis of tumors, as demonstrated by the reduced incidence of metastatic lesions and tumor recurrence in animal
models. The combination of Ce6-mediated PDT and OLA-mediated inhibition of DNA damage repair can coordinate the
enhancement of ICD action and inhibit the infiltration of myeloid-derived suppressor cells (MDSCs),>? thereby effectively
reversing the therapeutic resistance of CSC and improving the anti-tumor efficacy of PDT. It can effectively inhibit the
recurrence and metastasis of tumors. PDT is crucial in treating various tumors. Let us examine some typical applications.>®

Melanoma

PDT, an immunotherapy approach, demonstrates effectiveness in tumor eradication with minimal surgical intervention, albeit its
application in melanoma metastatic lesions is somewhat restricted. Marina M. Simdes et al’* investigated the effect of
photodynamic therapy (PDT) on mouse melanoma B16-F10 cells by preparing solid lipid nanoparticles and SLN containing
photosensitizer aluminum phthalocyanine chloride (SLN-AIPc), The results showed that SLN-AIPc could significantly reduce the
viability of B16-F10 cells, induce the production of ROS, promote ICD, activate DCs, and increase the production of pro-
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inflammatory cytokines under PDT treatment. Liao et al’> investigated a simple nanoparticle called HTCS, capable of co-
delivering the STING agonist 2’3’-cyclic guanosine monophosphate-adenosine monophosphate (2°3’-cGAMP) and
a mitochondria-targeting modified photosensitizer (TPP-PEI-Ce6). When intravenously administered to mice, HTCS was
internalized by tumor cells through hyaluronic acid-mediated active targeting. Subsequently, TPP-PEI-Ce6 was delivered to
the mitochondria, generating substantial ROS and efficiently eradicating tumor cells. The resultant tumor cell debris triggered
immunogenic cell death, which played a pivotal role in modulating the immune response. Furthermore, the 2°3’-cGAMP present
in the cell debris activated the STING pathway, enhancing the release of inflammatory cytokines and promoting the maturation
of DCs.

Colorectal Adenocarcinoma and Lung Cancer
Xu et al’® studied the effect of PDT on HT29 human colorectal adenocarcinoma cells and A549 human lung cancer cells
by designing zinc(Il)phthalocyanine derivatives ZnPc-2NO and ZnPc-4NO. The experimental results showed that the
two conjugates were able to inhibit mitochondrial respiration and reduce intracellular oxygen consumption by releasing
nitric oxide (NO) under PDT treatment, thereby producing ROS and inducing cytotoxicity under hypoxic conditions. The
photodynamic effect of ZnPc-2NO can trigger the release of damage-related molecular patterns, promote the maturation
of dendritic cells, and trigger anti-tumor immune responses. This immunogenic cell death induced by oxygen-depleting

PDT has been demonstrated by in vitro and in vivo experiments.
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Colorectal Cancer

Currently, the mortality rate associated with advanced colorectal cancer remains high, and PDT holds promise as a treatment
option for eradicating this disease. However, the efficacy of PDT is significantly hindered by tumor hypoxia. To address this
challenge, He et al’’ designed a core-shell gold nanocage coated with manganese dioxide and hyaluronic acid (AMH). This
innovative nanostructure targets colorectal tumors for precise delivery and achieves in situ oxygenation, thereby enhancing the
immunogenicity of phototherapy. Notably, AMH nanoparticles further boost the PDT efficacy of the system under near-infrared
(NIR) irradiation by generating an abundant oxygen medium due to their weakly acidic properties. Additionally, AMH-based
PDT induces immunogenic cell death (ICD) in tumor cells, accompanied by the release of damage-associated molecular patterns
(DAMPs), which promotes the maturation of dendritic cells (DCs) and enhances systemic anti-tumor immunity against advanced
tumors. In vivo experiments demonstrate that AMH nanoparticles not only possess tumor-targeting capabilities but also generate
sufficient oxygen in situ to alleviate tumor hypoxia. Wang et al’® have successfully induced ICD in human colorectal cancer cell
lines DLD-1 and HCT116 using sodium Chinese porphyrin (DVDMS) as a photosensitizer, in combination with oxaliplatin
treatment and NIR laser irradiation. The combined therapy of DVDMS-derived PDT and oxaliplatin induced the release of ICD
markers, such as increased ATP and HMGBI1 levels in the supernatant, as detected by ELISA. The release of these DAMPs is
indicative of immunogenic cell death, which activates DCs, promotes their maturation, and attracts cytotoxic T lymphocytes,
ultimately enhancing the systemic anti-tumor immune response against advanced tumors. In vivo experiments further revealed
that pretreatment of CT26 cells with DVDMS and subsequent injection into mice significantly inhibited primary tumor growth,
suggesting that the combination of DVDMS-derived PDT and oxaliplatin also triggers immunogenic cell death in vivo. This
finding offers a promising therapeutic strategy for the treatment of colorectal cancer.

Head and Neck Tumors

It is understood that the photobiological effects of PDT can be used to modulate tumor vasculature and stromal. PDT can also
sensitize tumors to immunotherapy by inducing a cascade of molecular events, such as ICDs. Bhandari Chanda et al>” utilized
liposomal benzoporphyrin derivatives in conjunction with 690 nm light to achieve dual objectives in mouse models with AT-
84 head and neck tumors: enhancing the delivery of a-PD-L1 antibody by twofold and inducing ICDs in vivo. Notably,
a significant increase, ranging from 3 to 11 times, in the exposure of tumor cells to ICDs displaying damage-associated molecular
patterns (such as calreticulin, HMGB1, and HSP70) was observed. These findings collectively indicate that PDT holds promise
for improving immunotherapy outcomes in head and neck cancer. This is achieved by addressing both the physical hurdles that
impede the delivery of immune checkpoint inhibitors and the biochemical mechanisms that underpin immunosuppression.

Lung Cancer

Suppression of the immune microenvironment stands as a pivotal endogenous contributor to the inefficacy of lung cancer
treatment. Yu et al°® conducted an in-depth exploration of the immunogenic impact of Photodynamic Therapy (PDT) on
lung cancer, uncovering its underlying mechanisms. Their findings revealed that Chlorine €6 (Ce6)-based PDT not only
augments the immunogenicity of lung cancer cells but also triggers apoptosis. Furthermore, additional experimental data
demonstrated that Ce6-PDT generates Reactive Oxygen Species (ROS), which subsequently induce Endoplasmic
Reticulum (ER) stress, facilitating the translocation of Calreticulin (CRT) to the cell membrane. This, in turn, triggers
a DNA Damage Response (DDR) that leads to the expression and secretion of nuclear HMGB1 and HSP90, further
potentiating the immunogenicity of lung cancer cells.

PDT can effectively activate the body’s anti-tumor immune response and enhance therapeutic efficacy by inducing
ICD in various tumor cells.®’ This not only provides a new approach for the application of PDT monotherapy, but also
lays a theoretical foundation for the combined use of PDT and immunotherapy in tumor treatment. Compared to
traditional cancer therapies, the advantages of photodynamic therapy (PDT) lie in its ability to provide precise and
effective treatment, with relatively minor side effects.®>*> However, there are still some challenges and limitations in its
practical application. Selectivity of photosensitizers: The selective accumulation of effective photosensitizers in tumor
tissues remains a key issue. Improving the targeting of photosensitizers and reducing damage to normal tissues is one of
the current research priorities. Limitations in treatment depth: The efficacy of PDT is limited by the penetration depth of
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light, especially when treating deep-seated tumors, where the depth of light penetration may be insufficient, affecting the
treatment outcome. This problem needs to be overcome by improving light sources and techniques. Further exploration
of the molecular mechanisms of PDT-induced ICD and optimization of the combination regimen of PDT-ICD and
immunotherapy will undoubtedly bring new hope for improving the prognosis of cancer patients.

Research on Nano Delivery for PTT-Induced ICD for Tumor

Immunotherapy
PTT has the ability of photothermal agents to absorb near-infrared light energy and convert it to thermal energy, causing
thermal damage and ablation to tumor tissues or cells.** Photothermal therapy can inhibit tumor growth and metastasis by
activating the body’s immune effector cells and promoting the secretion of cytokines.®>°® Additionally, mild hyperthermia can
also modulate the tumor microenvironment (TME), which is beneficial for the initiation of an immune response.*”*”® Deng
et al*” loaded the HSP90 inhibitor (SNX2112) onto an oxidized graphene carrier and performed NIR irradiation, which was
found to downregulate the expression of HSP90 and PD-L1 in tumor cells, while upregulating the expression of the T cell
activation marker CD69. This indicates that photothermal therapy can reactivate T cells and relieve the suppression of the
immune system by tumor cells. The efficacy of tumor immunotherapy largely depends on the expression of PD-L1 in the
tumor tissue and the recruitment of tumor-infiltrating lymphocytes (TILs).”” Li et al’' loaded the NIR photothermal agent
IR820 and the programmed death ligand 1 (aPD-L1) antibody into a thermoreversible lipid hydrogel, and controlled the
release of aPD-L1 by regulating the NIR irradiation. This strategy effectively increased the recruitment of TILs in the tumor
microenvironment, enhanced T cell activity, and converted the “cold” tumor lacking lymphocytes into a “hot” tumor, thereby
synergistically enhancing the efficacy of immunotherapy.*>">

In the field of cancer treatment, the combination of phototherapy and immune checkpoint blockade (ICB) has become an
innovative treatment strategy. Yu et al described the relevant mechanism of phototherapy combined with ICB in the treatment of
cancer in the study (Figure 4).” First of all, phototherapy, combined with a nanoparticle-loaded photosensitizer or photothermal
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agent, can effectively enrich tumor tissues under laser irradiation. These nanoparticles produce ROS and thermal energy during
phototherapy, which play a role in PDT and PTT, respectively, to induce ICD in tumor cells. The death of tumor cells leads to the
release of tumor neoantigens and damage-associated molecular patterns (DAMPs) that further stimulate dendritic cell (DC)
maturation and activate T cells. This results in the recruitment of CD4+ and CD8+ T cells into the tumor microenvironment. The
combination with immune checkpoint inhibitors (ICIs), such as anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies,74’75 further
enhances the cytotoxic activity of T cells against cancer cells. This synergistic approach effectively transforms immunologically
“cold” tumors, which have minimal T cell infiltration and are less responsive to immunotherapy, into “hot” tumors characterized
by increased T cell presence and activity.”® The enhanced immune response not only targets the primary tumor but also has the
potential to combat metastatic lesions, offering a promising therapeutic strategy for a wide range of cancer types.”’

In a recent study, researchers discovered that a dual-targeted nano delivery system known as GOx@FeNPs, in
conjunction with an aPD-L1 immune checkpoint blocker, exhibits potent inhibitory effects on colorectal cancer (CRC)
progression. This inhibitory action is mediated through PTT, the induction of ferroptosis, and the stimulation of an anti-
tumor immune response. Enhancing the efficacy of PD-1/PD-L1 therapy for CRC hinges on the effective induction of
immunogenicity and the disruption of the immunosuppressive tumor microenvironment. Jin et al’® developed a corn-like
Au/Ag nanorod (NR) that can induce ICD in tumor cells under 1064 nm light irradiation. The loading efficiency of Au/Ag
NRs was 78%, and the release efficiency under NIR-II light irradiation was 85% after 3 hours. Au/Ag NRs under NIR-II
light irradiation triggers immunogenic cancer cell death. The in vivo results showed that this treatment strategy significantly
increased the tumor infiltration of T cells and triggered a systemic immune response to reverse the tumor immune
microenvironment, transforming cold tumors into hot tumors; synergistic treatment with ICB antibodies, especially
aCTLAA4, can effectively inhibit distant tumors growth. This therapeutic strategy elicited a powerful immune memory
effect that prevented tumor recurrence. Researchers used gold nanorods to design a combination therapeutic drug-gold
nanorod (AuNR)/doxorubicin (DOX) gel, in which the gel can control the persistence of DOX freed. The loading efficiency
of AuUNR/DOX gel was 82%, and the release efficiency under 880 nm laser irradiation was 80% after 2 hours. DOX acts as
an inducer of immunogenic tumor cell death (ICD), triggering the production of damage-associated molecular patterns
(DAMPs). Mild photothermal therapy (Mild PTT) generated by 880 nm laser-irradiated AuNRs also produced tumor-
associated antigens. To further promote antigen presentation, the researchers designed maleimide-modified liposomes
(L-Mals) as antigen capture agents to promote the uptake of tumor antigens by DCs. The results of the study showed that
CD8+ T cells in tumor tissues were significantly increased and regulatory T cells (Tregs) were significantly decreased under
the effect of combination therapy, and this immune response enhanced the anti-tumor response of PD-L1 antibody. The
findings demonstrate that this combination strategy based on gold nanoparticles promotes the efficiency of cancer
immunotherapy. However, it is noteworthy that the immunogenicity associated with cell death induced solely by PTT is
generally mild.”>*® To address this challenge, the study employed a synergistic strategy by incorporating ferroptosis,
a newly identified and distinct form of regulated cell death that offers unique advantages in antitumor therapy. Li et al
(Figure 5A)®' found in the study that the nanotherapy platform Fe304 obtained @PDA-PEG-cRGD-AA@Gox (abbre-
viated as GOx@FeNPs), possesses dual-targeting capabilities, photothermal conversion properties, the ability to induce
ferroptosis, and magnetic resonance imaging (MRI) functionality. Once GOx@FeNPs actively bind to the tumor site, the
individual components are thermally released under the influence of a near-infrared (NIR) laser. The Fe304@PDA
component of the nanotherapy platform demonstrates robust photothermal conversion properties, which are capable of
inducing apoptosis and immunogenic cell death (ICD) in tumor cells. This process involves the generation of reactive
oxygen species (ROS) and the induction of ferroptosis, a form of regulated cell death characterized by lipid peroxidation
and iron accumulation. The extensive release of tumor-specific antigens and damage-associated molecular patterns
(DAMPs), such as calreticulin (CRT), ATP, and high-mobility group box 1 (HMGBI1),*? resulting from ICD and ferroptosis,
promotes the maturation of dendritic cells (DCs) and their migration to lymph nodes. Here, mature DCs present tumor
antigens to T cells, activating their proliferation and differentiation into cytotoxic T lymphocytes (CTLs).** These activated
CTLs infiltrate the tumor microenvironment, leading to the recognition and killing of cancer cells. Additionally, the
combination of photothermal therapy with immune checkpoint blockade further enhances T cell activity and tumor cell
killing. This multifaceted approach not only directly destroys tumor cells but also stimulates a systemic immune response,
effectively inhibiting tumor growth and reducing the risk of metastasis.®*
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Immunotherapy has become one of the important means of cancer treatment,®” the photothermal therapy inducing
immunogenic death of tumor cells, releasing a large number of tumor antigens, and activating the body’s immune system,
thereby inhibiting further tumor growth. Photothermal immunotherapy can directly kill local tumor cells, also stimulate
systemic anti-tumor immune responses, inhibiting the growth and metastasis of the primary tumor. Compared with
traditional surgery, chemotherapy, and radiotherapy, photothermal immunotherapy has the advantages of small trauma,
low side effects, and long-lasting treatment effects. It is especially advantageous for some refractory tumors, playing an
important role in the treatment of various immune-related diseases. Let us discuss several typical application cases in detail.

Breast Cancer

Zhu et al®® introduced a multifaceted nanoplatform, termed IDNP, that integrates chemophotothermal therapy by
seamlessly blending therapeutic drugs with photothermal converting agents. This innovative approach is designed to
eradicate primary tumors and simultaneously induce ICD. The cell death triggered by IDNP is accompanied by the
liberation of damage-associated molecular patterns (DAMPs), which includes the translocation of calreticulin (CRT)
from the endoplasmic reticulum (ER) to the cell membrane, the release of HMGBI1 protein from the nucleus, and the
secretion of adenosine triphosphate (ATP). These DAMPs significantly amplify the immunogenicity of cancer cells,
thereby initiating a series of cellular responses that convert breast cancer from a non-immunogenic “cold” tumor into
an immunogenic “hot” tumor. Consequently, this transformation activates a robust anti-tumor immune response. Zheng
et al*’ developed a PTT-induced feed-back carbon nanosystem, termed LCTi, for enhanced breast cancer therapy by
extracellular matrix remodeling. This innovative approach aims to address the issue that the dense extracellular matrix
(ECM) in breast cancer severely impedes drug delivery and immune cell infiltration, resulting in poor therapeutic
effects.After intravenous injection, LCTi accumulates in the tumor through iRGD-mediated active targeting and
subsequently destroys tumor cells and induces immunogenic cell death (ICD) under 808 nm laser irradiation.
Simultaneously, losartan is photothermal-responsively released from LCTi to remodel the ECM. This process alle-
viates hypoxia and improves the tumor immune microenvironment, thereby enhancing the efficacy of photothermal
therapy (PTT). Focusing on ECM remodeling, this study provides an attractive “PTT-reinforced PTT” feed-back
strategy for future breast cancer therapy.

Neuroblastoma

Neuroblastoma is a malignant tumor that originates in the nervous system, usually in infants or young children, and is
one of the most common solid tumors in children. Juliana Cano-Mejia et al®® utilized a nanoparticle called CpG-PBNP,
which induces ICD by binding PTT and the immunoadjuvant CpG. CpG-PBNP nanoparticles release CpG, a DNA
sequence capable of activating the immune system, under specific conditions, such as pH changes or photothermal
effects. The liberation of CpG plays a pivotal role in activating dendritic cells (DCs), which subsequently fosters the
proliferation and activation of tumor-specific T cells. In our current study, tumor cells treated with CpG-PBNP-PTT
released damage-associated molecular patterns (DAMPs), including ATP, HMGBI, and calreticulin. These DAMPs are
capable of stimulating the immune system and eliciting a potent immune response against tumors.This immune response
helps to remove residual tumor cells and may generate immune memories that prevent tumor recurrence. In summary,
CpG-PBNP nanoparticles effectively induce ICD by binding PTT and the release of the immunoadjuvant CpG, and have
shown significant anti-tumor effects in animal models.

Prostate Cancer

Prostate cancer is a common male malignancy that complicates treatment when it progresses to metastasis, especially
when bone metastases occur, as tumors often exhibit multidrug resistance. Ran et al®’ used a dopamine coating to
enhance the photothermal conversion rate of Au and grafted the chemotherapy drug doxorubicin (DOX) onto the
dopamine coating. Au@PDA@DOX nanoparticles generate heat when irradiated with near-infrared light, which directly
kills tumor cells through thermal ablation. At the same time, thermal ablation also promotes immunogenic cell death,
causing tumor cells to release damage-related molecular patterns (DAMPs), such as ATP, HMGBI, and calreticulin,
thereby activating the immune system and triggering an immune response against tumors. By activating dendritic cells
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(DCs) and promoting the proliferation and activation of tumor-specific T cells, Au@PDA@DOX nanoparticles effec-
tively activate anti-tumor immune responses in vivo, inhibit tumor growth, and alleviate tumor damage to bone.
Au@PDA@DOX nanoparticles effectively induce ICD by binding PTT and drug release, and have shown significant
anti-tumor effects in animal models, providing a new therapeutic strategy for bone metastasis of prostate tumors.

Melanoma

Sun et al®® developed a novel NIR-dependent IDO-inhibiting ethosomes (INES) for treating melanoma through the
synergy of PTT/PDT/immunotherapy. This innovative approach leverages the combination of phototherapy and immu-
notherapy to significantly enhance the treatment of melanoma. INES is composed of the photosensitizer IR251 and the
Indoleamine-2,3-dioxygenase (IDO) inhibitor NLG919. Under 808 nm laser irradiation, INES demonstrates excellent
phototherapeutic properties, strong phototoxicity, and a notable ability to inhibit IDO. It effectively induces immunogenic
cell death (ICD) in melanoma cells, releasing damage-associated molecular patterns (DAMPs) such as calreticulin (CRT)
and high mobility group box 1 protein (HMGB1), which promote the maturation of dendritic cells (DCs) and activate
naive T cells to produce effector T cells (specifically CD4* and CD8* T cells) that target and kill tumor cells. In vivo
experiments show that INES injection into primary tumors not only treats the primary tumor but also exerts a strong
inhibitory effect on distant tumors, with favorable biosafety. In conclusion, INES represents a promising strategy for
melanoma treatment through the combination of phototherapy and immunotherapy, providing new insights and
a theoretical basis for the clinical treatment of melanoma.

Colorectal Cancer

Li et al’® have engineered a sophisticated photothermal Fe;O, nanoparticle-based nanoplatform, designated as
GOx@FeNPs, to orchestrate a synergistic therapeutic strategy for colorectal cancer (CRC) by inducing immunogenic
ferroptosis and leveraging photothermal therapy (PTT). This advanced system integrates PTT with ferroptosis to
surmount the immunosuppressive tumor microenvironment (TIME) and amplify the efficacy of cancer immunotherapy.
The GOx@FeNPs system employs dual-targeting ligands—cyclic arginine-glycyl-aspartate (¢CRGD) peptide and anisa-
mide (AA)—to facilitate precise delivery to tumor sites. Upon irradiation with near-infrared light, these nanoparticles
exhibit robust photothermal conversion efficiency, enabling effective PTT and the induction of immunogenic cell death
(ICD). Simultaneously, the depletion of intracellular glutathione (GSH) and catalysis of reactive oxygen species (ROS)
generation from endogenous H,O, further potentiate the Fenton reaction, thereby enhancing the ferroptotic process. This
dual mechanism results in the release of tumor-specific antigens, which not only stimulate dendritic cell (DC) maturation
in lymph nodes but also promote the infiltration of CD8* cytotoxic T lymphocytes into the tumor microenvironment,
thereby orchestrating a robust anti-tumor immune response. In conjunction with aPD-L1 immune checkpoint blockade,
the GOx@FeNPs system achieves a tumor inhibition rate exceeding 90%, underscoring its potent synergistic efficacy
against CRC. Moreover, the presence of Fe** within the nanoparticles endows GOx@FeNPs with superior T2-weighted
magnetic resonance imaging (MRI) capabilities, facilitating real-time monitoring and integrated diagnostic-therapeutic
applications for CRC management. By constructing this dual-targeted GOx@FeNPs nanoplatform, the study demon-
strates a paradigm-shifting approach where PTT is synergistically combined with ferroptosis to enhance immunother-
apeutic outcomes. This innovation not only addresses the challenges posed by the immunosuppressive tumor
microenvironment but also provides a novel and highly effective strategy for the immunotherapy of colorectal cancer,
paving the way for future translational applications in clinical oncology.

PTT has shown great promise, yet it also faces several limitations.”"* Light source selection and control: PTT relies
on specific wavelengths of light to activate photothermal agents, generating heat to kill cancer cells.”> Selecting the
appropriate light source and ensuring effective irradiation within the tumor tissue is a challenge. Different light sources
vary in terms of penetration depth, tissue selectivity, and energy output, and how to choose the optimal light source to
maximize the therapeutic effect is an ongoing research topic.”**** Selection and optimization of photothermal agents: The
type and characteristics of photothermal agents directly impact the treatment efficacy.”>*® Currently, nanoparticles are
widely used in PTT, but the biocompatibility, stability, and in vivo distribution and clearance of different materials still
require further research and optimization. Additionally, the performance of photothermal agents in the tumor
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microenvironment and their interactions with the host immune response need to be thoroughly investigated. Combination
of multiple treatment modalities: Combining PTT with other treatment modalities (such as immune checkpoint blockade)
may produce synergistic effects and improve anti-tumor efficacy.””*® However, how to effectively integrate multiple
treatment modalities to optimize the treatment regimen is still an urgent problem to be solved.

Combination of Phototherapy and Chemotherapy to Induce ICD for

Tumor Treatment

Combination therapy is gaining more attention in tumor treatment, especially the combined use of photodynamic therapy,
photothermal therapy, and chemotherapy. Using PDT and PTT together with chemotherapy not only boosts the anti-
tumor effects but also alters the way tumor cells die, particularly in inducing immunogenic cell death. The diagram below
illustrates the process of how these three therapies work together to induce immunogenic cell death (Figure 5B). The
combination therapy begins with the application of PDT and PTT, which generate reactive oxygen species (ROS) and
thermal energy, respectively. These agents directly kill tumor cells and induce ICD, leading to the release of damage-
associated molecular patterns (DAMPs) such as calreticulin (CRT), ATP, and HMGB1. Simultaneously, chemotherapy
drugs enhance the cytotoxicity and further disrupt tumor cells, releasing additional tumor-specific antigens. The released
antigens and DAMPs are captured by immature dendritic cells (DCs), prompting their maturation. Mature DCs then
migrate to lymph nodes, where they present the antigens to T cells, stimulating their activation and proliferation. This
results in the recruitment of CD4+ and CD8+ T cells into the tumor microenvironment, leading to the recognition and
killing of cancer cells. The synergy between PDT, PTT, and chemotherapy not only increases the efficiency of tumor cell
death but also amplifies the immune response. The release of tumor antigens and DAMPs from dying cells activates the
innate and adaptive immune systems, creating a sustained anti-tumor effect. Additionally, the combination therapy can
reduce the dose of individual treatments, minimizing side effects while maintaining or even enhancing therapeutic
efficacy.* This multi-modal approach offers a promising strategy for overcoming treatment resistance and improving
outcomes in various cancer types.

Studies have shown that when photodynamic therapy is combined with chemotherapy, tumor cell mortality is
significantly increased. This combination not only improves the efficiency of cell death, but also shortens the time to
treatment.”® For example, the action of chemotherapy drugs can make tumor cells more susceptible to attack by
photodynamic therapy, allowing for synergies. He and colleagues'® successfully synthesized core-shell nanoparticles
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called NCP, which co-delivered PS pyrolipid and OXA for combination therapy of PDT and chemotherapy. The loading
efficiency of NCP was 88%, and the release efficiency under light irradiation was 85% after 3 hours. Pyrolipid-triggered
PDT with OXA releasing induced immune responses, resulting in the inhibition of distant tumors in bilateral syngeneic
mouse tumor models of CT26 and MC38. The results of in vitro experiments demonstrated NCP@pyrolipid with light
irradiation could induce ICD with secretion levels of CRT, IFN-y, IL-6, TNF-a significantly increased. Liu and
colleagues'®' have discovered a series of novel small-molecule inhibitors targeting programmed death-ligand 1 (PD-
L1), which exhibit potent in vivo anti-tumor immune activity. These inhibitors hold significant promise for cancer
immunotherapy due to their remarkable inhibitory activity against the PD-1/PD-L1 interaction and their ability to
effectively counteract the immunosuppressive effects of PD-L1 on T cells. Crystallographic studies have elucidated
the binding mode of the lead compound X18 with PD-L1, providing critical insights into the molecular mechanisms
underlying its high affinity and specificity. Through rational prodrug design, the team has successfully optimized the oral
pharmacokinetic properties of X22, addressing the common issue of poor oral bioavailability associated with small-
molecule PD-L1 inhibitors. This optimization is crucial for enhancing the therapeutic potential of these inhibitors in
clinical settings. Notably, X22 demonstrated robust antitumor efficacy in murine models of MC38 and CT26 colon
cancer. The mechanism of action involves the upregulation of tumor infiltration and cytotoxicity of CD8" T cells,
partially contributing to the observed therapeutic effects. These findings underscore the potential of these novel PD-L1
inhibitors to significantly improve the outcomes of cancer immunotherapy by enhancing the body’s immune response
against tumors. Overall, this study offers a significant advancement in the development of small-molecule PD-L1
inhibitors, providing a strong foundation for their further exploration as innovative agents in the field of cancer
immunotherapy. Combination therapy can promote the occurrence of immunogenic death. Photodynamic therapy and
photothermal therapy can increase the release of these immune signals while inducing cell death, thereby improving the
immune system’s ability to recognize and eliminate tumor cells. Combination therapies can affect the death pathways of
tumor cells. Different treatments may act on tumor cells through different mechanisms.'*>!'*® For example, chemother-
apy typically induces apoptosis, while photodynamic therapy may cause cell death through mechanisms such as necrosis
or autophagy. Therefore, the implementation of combination therapies may cause tumor cells to experience multiple
pathways of death, thereby increasing the effectiveness of treatment.'® Tumor cells often become resistant to a single
therapy, and combination therapies can reduce this risk through multi-targeted action.'® Studies have shown that the
combination of treatments with different mechanisms can effectively overcome drug resistance in tumor cells and
improve the success rate of treatment.'®® Combination therapy can reduce the dose of chemotherapy drugs while still
maintaining a good therapeutic outcome, and improves the overall tolerability and quality of life of patients.'®’
Combination therapies can activate both tumor-specific and non-specific immune responses. This dual immune activation

allows patients to obtain stronger anti-tumor immunity after treatment, reducing the risk of tumor recurrence.'®®

Combination of Photodynamic Therapy and Photothermal Therapy

The combination of photodynamic therapy and photothermal therapy can produce a variety of synergistic effects. For
example, photothermal therapy can improve the accumulation and penetration of photosensitizers at tumor sites. This
combination not only improves the mortality of tumor cells, but also reduces the side effects. Combined therapy can also
trigger immunogenic death, activating the body’s immune response, further enhancing the effect of treatment.
Monotherapy with either PTT or PDT often provides suboptimal results, whereas the combined treatment of the two
modalities has clear advantages.

PDT utilizes photosensitizers that react with oxygen to generate reactive oxygen species, thereby inducing apoptosis
of tumor cells. However, the strong reducing glutathione (GSH) in the tumor microenvironment can neutralize ROS, and
the hypoxic nature of tumors can also compromise the efficacy of PDT. The localized hyperthermia generated by PTT
can increase oxygen penetration in the tumor site, alleviating tissue hypoxia and enhancing the effects of PDT. Some
photothermal agents have dual functions of both PTT and PDT,'" such as the Pd@Au-Ce6/MnO, nanoplatform, where
MnO, generates oxygen to reverse tumor hypoxia and amplify PDT, while the thermal effects of Pd@Au and Ce6
mediate PTT. Additionally, other strategies have been explored to overcome tumor hypoxia, such as the PDA-Pt-CD
@RuFc nanoplatform where platinum catalyzes oxygen generation, and photothermal-induced vasodilation.''® Similarly,
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encapsulating Ce6 within NIR-absorbing Au/Ag-modified hollow mesoporous MnQO, allows MnO, to generate ROS for
PDT while using acid-sensitive control of Ce6 release. Furthermore, incorporating porphyrin IV within polymeric
materials can trigger the degradation of the polymer under PTT to synergistically activate PDT.

Although the nanomaterials used for combined PTT/PDT therapy still have some limitations, such as complex

""" the advantages of single-wavelength-activated PTT/PDT are evident.''> Recently, some

fabrication and poor stability,
new conjugated small molecules like IID-Th TPA and DPP-BDT NPs have been successfully applied in single-
wavelength-activated synergistic PTT/PDT, demonstrating promising photothermal and photodynamic therapeutic
effects, warranting further exploration.''® In summary, rationally designed PTT and PDT combination therapies can
fully leverage the advantages of both modalities, effectively overcoming the defects of the tumor microenvironment, and
significantly enhancing anti-cancer treatment outcomes. This combination therapy strategy provides a new approach for

precise tumor treatment.

Combination of Photodynamic Therapy and Chemotherapy

The combined use of photodynamic therapy and chemotherapy aims to enhance the therapeutic effect through the
synergistic action of the two treatment modalities, while reducing the side effects of chemotherapy. PDT can increase the
concentration of drugs in the tumor tissue by utilizing the accumulation of photosensitizers in the tumor tissue and cells.
This can significantly reduce the damage to normal cells caused by chemotherapeutic drugs. During chemotherapy, tumor
cells may develop resistance to the chemotherapeutic drugs. PDT can induce cell death and suppress the proliferation of
resistant cells, thereby enhancing the effect of chemotherapy. This combination strategy helps to reduce the occurrence of
drug resistance and improve the overall therapeutic efficacy. PDT can induce immunogenic cell death, leading to better
presentation of tumor antigens and triggering the body’s immune response. By combining with chemotherapy, the cross-
presentation of tumor antigens can be further enhanced, improving the immune surveillance capability of the host. PDT
has a strong targeting capability, as it can activate the photosensitizers under specific wavelengths of light. This targeting
feature allows PDT to be combined with chemotherapeutic drugs to achieve a more precise treatment regimen, reducing
the damage to normal tissues. The integration of photodynamic therapy with chemotherapy has demonstrated promising
application prospects.

Triple Negative Breast Cancer Cells

Beyzanur Erk''* conducted an investigation into the effectiveness of cisplatin-based chemotherapy in combination with
5-aminolevulinic acid (5-ALA)/ PDT in vitro, focusing on TNBC (triple-negative breast cancer) cells and healthy breast
cells. The results revealed a significant reduction in the viability of MDA-MB-231 TNBC cells when treated with the
combined therapy, compared to when either cisplatin or 5S-ALA/PDT was used as a monotherapy. These findings hint at
the potential of cisplatin and 5-ALA/PDT simultaneous combination therapy as a novel and promising strategy for TNBC
treatment. However, additional studies are needed to delve deeper into the molecular mechanisms underlying the efficacy
of this combined treatment approach.

Prostate Cancer

A novel therapeutic-diagnostic agent, PSMA-1-MMAE-Pc413, has been developed by Aditi A. Shirke,'"” integrating
a PSMA-targeting ligand, the photosensitizer Pc413, and the microtubule inhibitor Monomethyl auristatin E (MMAE) to
achieve synergistic therapeutic effects in the treatment of prostate cancer. Studies on in vitro uptake have revealed that
PSMA-1-MMAE-Pc413 exhibits selective and specific uptake exclusively in PSMA-positive PC3pip cells, as opposed to
PSMA-negative PC3flu cells. Cytotoxicity assays conducted in vitro have demonstrated that PSMA-1-MMAE-Pc413
exhibits a synergistic effect upon exposure to light. Furthermore, in vivo imaging studies have shown the selective uptake
of PSMA-1-MMAE-Pc413 in tumors. An in vivo study has also indicated that PSMA-1-MMAE-Pc413 significantly
enhances treatment outcomes for prostate cancer by offering a synergistic effect that surpasses the efficacy of each
individual treatment modality within tumors. These findings hint at the strong potential of combining photodynamic
therapy with chemotherapy for clinical application in improving the treatment of prostate cancer.
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Hepatocyte (HCC) Orthotopic Xenograft Model
Recently, the combination of PDT with concurrent chemotherapy has exhibited synergistic effects, resulting in superior

cancer treatment outcomes. In a study conducted by Park Jae Sun et al,''®

a patient-derived orthotopic xenograft (PDoX)
model was employed to assess the efficacy of combining chemotherapeutic agents with PDT using indocyanine green
(ICG) both in vitro and in vivo. The researchers independently administered sorafenib or doxorubicin for PDT and
chemotherapy in Huh-7 and Hep3B cell lines, systematically increasing the concentrations of these drugs and the total
energy of 808 nm light. Their findings revealed a significant and rapid decrease in the viability of Huh-7 and Hep3B cells
as the concentrations of sorafenib or doxorubicin and the total energy of 808 nm light were incremented. Notably, the cell
viability of Huh-7 and Hep3B cell lines when treated with the combined therapy of PDT and chemotherapy was notably

lower compared to those treated with either PDT or chemotherapy alone.

Cholangiocarcinoma

Chen et al''” conducted an umbrella review on adjuvant photodynamic therapy (PDT) for the palliative treatment of
cholangiocarcinoma, systematically evaluating existing meta-analyses and clinical studies to refine survival outcomes.
Cholangiocarcinoma is a rare and often fatal malignancy, with limited treatment options, especially for unresectable
cases. Numerous studies have shown promising outcomes and survival rates associated with PDT as an adjuvant therapy.
The findings indicated that combining PDT with stenting or chemotherapy significantly improves overall survival and
reduces mortality rates in cholangiocarcinoma patients, without increasing the risk of adverse events such as cholangitis
or abscess formation. For extrahepatic cholangiocarcinoma, adding PDT to stenting notably improves the 2-year survival
rate, while for hilar cholangiocarcinoma, the addition of chemotherapy to PDT enhances the 1-year survival rate. The
current evidence suggests that PDT combined with stenting or chemotherapy decreases overall mortality and enhances
overall survival without increasing the incidence of adverse events, highlighting its potential as a valuable component in
the palliative management of cholangiocarcinoma.

Breast Cancer

Gao et al''® have developed a sophisticated multifunctional nanoplatform, termed CuS-EPI-AIPH@SF-PDA-FA, for the
synergistic treatment of breast cancer through the integration of photothermal therapy (PTT), photodynamic therapy
(PDT), and chemotherapy. This innovative approach leverages the unique properties of copper sulphide (CuS) nano-
particles and polydopamine (PDA) to address the limitations of conventional breast cancer therapies, such as drug
resistance and systemic toxicity. The CuS-EPI-AIPH@SF-PDA-FA nanoparticles were synthesized using a microfluidic-
assisted method, encapsulating the chemotherapeutic drug Epirubicin (EPI), the PTT/PDT agent CuS, and the heat-
activated, oxygen-independent alkyl radical generator AIPH. The nanoparticles were coated with polydopamine (PDA) to
enhance photothermal effects and functionalized with surface-bound folic acid (FA) for targeted delivery to breast cancer
cells. The synthesized nanoparticles achieved a controlled size of 378 nm, exhibiting strong near-infrared (NIR)
absorption and high photothermal conversion efficiency. Under 808 nm NIR irradiation, these nanoparticles selectively
triggered the release of alkyl radicals and Epirubicin, significantly improving intracellular drug levels and effectively
killing various breast cancer cell lines while demonstrating low toxicity to non-cancerous cells.

This study demonstrates that the novel core—shell CuS-EPI-AIPH@SF-PDA-FA nanoparticles represent
a multifunctional nanoplatform that integrates PTT, PDT, and chemotherapy for targeted, synergistic breast cancer
treatment. This approach not only overcomes the limitations of single-modality treatments but also enhances therapeutic
efficacy by leveraging the combined strengths of multiple therapeutic modalities.

In conclusion, the combination of photodynamic therapy and chemotherapy is a promising cancer treatment strategy.
By combining the advantages of both, it is possible to not only improve the effectiveness of treatment, but also reduce
side effects and enhance the patient’s immune response. With the deepening of research and the promotion of clinical
application, this combination therapy is expected to become a more effective cancer treatment option, bringing better
prognosis and quality of life to patients.
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Combination of Photothermal Therapy and Chemotherapy

The combination of photothermal therapy and chemotherapy is mainly through synergistic effects to enhance the anti-tumor
effect. Chemotherapy drugs usually work by inhibiting the proliferation of tumor cells and inducing cell death, but their
clinical application is often limited by drug resistance and toxic side effects. The introduction of photothermal therapy has
opened up a new possibility for chemotherapy.'®”” Synergistic enhancement effect: Photothermal therapy can improve the
sensitivity of tumor cells to chemotherapy drugs. For example, after photothermal therapy, the growth rate of tumor cells may
be slowed, reducing drug resistance, making subsequent chemotherapy more effective. Immunogenic death: Photothermal
therapy can not only directly kill tumor cells, but also induce tumor cells to release tumor-related antigens and stimulate the
body to produce specific anti-tumor immune responses. This ICD can be combined with chemotherapy to further enhance the
immune system’s recognition and attack on the tumor.”® Reduce toxic side effects: The local therapeutic properties of
photothermal therapy enable it to reduce the systemic effects of chemotherapy drugs to a large extent, thereby reducing
toxic side effects. The combination of photothermal therapy and chemotherapy has shown promising prospects in multiple
tumor types. Studies have shown significant improvements in tumor shrinkage and survival in combination therapy strategy.

Breast cancer: Sun et al''® developed a drug delivery system that combines the local administration of Lycium

barbarum polysaccharides (LBP) and photothermal material polypyrrole nanoparticles (PPY NPs). In vitro cytotoxicity
experiments showed that under NIR (near-infrared) laser irradiation, NPs inhibited 4T1 cells more effectively than the
same concentration of DOX alone (64% vs 8%). The in vivo anti-tumor experiment demonstrated that the tumor
inhibition rate reached 87.86%. H&E staining and biochemical assays revealed that the reduced systemic toxicity, with
significantly decreased liver damage. In summary, the combination of NPs and photothermal therapy can enhance the
therapeutic effect of DOX on breast cancer while reducing its side effects.
Liver cancer: Gong et al'? grafted thyrocalcitonin (TCA) and folic acid (FA) on Fe;04-modified graphene oxide
(MGO), and successfully loaded DOX to form MGO-TCA-FA@DOX composite nanomaterials. In vitro and in vivo
experiments have proved that the nanomedicine carrier can specifically target hepatocellular carcinoma cells with
significant killing effect, and the tumor inhibition rate of photothermal therapy/chemotherapy synergistic therapy is
about 85%, which is significantly higher than that of monotherapy. MGO-TCA-FA@DOX nanomaterials have a variety
of HCC targeting, multifactor-triggered drug release, high drug loading rate, excellent photothermal conversion perfor-
mance and good biocompatibility, providing a good platform for the synergistic treatment of HCC with photothermal
therapy/chemotherapy.

Lung cancer: Li et al'?' rationally designed a targeted nanomedicine that incorporates intelligent reactive polydopa-
mine (PDA) for the delivery of cinobufagin, aiming to enhance its anti-cancer efficacy in lung cancer treatment. This
nanomedicine is modified with folic acid, which mediates tumor targeting by interacting with the folic acid receptor
present on tumor cells. Once inside the lysosomal compartment, the PDA nanodrug responds to the low pH environment,
triggering the release of its payload into the tumor microenvironment. When used in conjunction with photothermal
therapy, this nanomedicine demonstrates an even more pronounced therapeutic effect on lung cancer. Maryam
Deinavizadeh et al'?* have proposed an innovative synergistic approach for lung cancer treatment by utilizing gold
nanorods (AuNRs) loaded onto sulthydryl-functionalized mesoporous silica, combined with chemophotothermal therapy.
Notably, these nanocomposites exhibit dual-responsive drug release behavior to both pH and near-infrared (NIR) light,
enabling precise and targeted drug delivery. In addition, they exhibit exceptional biocompatibility and efficient inter-
nalization by A549 lung cancer cells. The combination of AuUNR@S-MCM-41-DOX with photothermal chemotherapy
has shown superior cancer cell killing efficacy compared to either chemotherapy or photothermal therapy alone.

Based on the above discussion, we have summarized the following table for classification according to tumors (Table 3).

In summary, the combination of photothermal therapy and chemotherapy provides a new idea and direction for cancer
treatment. Although the combination of photothermal therapy and chemotherapy has achieved some success in clinical
application, there are still some challenges. Technology optimization: Improve the selectivity and safety of photothermal
agents, and develop more efficient near-infrared light sources to improve the precision and effectiveness of treatment.
Mechanistic studies: in-depth study of the molecular mechanism of the combination of photothermal therapy and chemother-
apy in order to better understand its mechanism of action and provide a theoretical basis for future clinical applications.
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Table 3 Various Tumors and Their Corresponding Phototherapy Treatments

Tumor Type

Treatment Strategy

Key Findings

Breast cancer

Neuroblastoma

Prostate cancer

Melanoma

Colorectal cancer

Head and neck

cancer

Lung cancer

PTT combined with immune checkpoint blockade (ICB) nanoplatform

IDNP combined with chemotherapy and photothermal therapy

PTT combined with immunoadjuvant CpG-PBNP

PTT in combination with chemotherapy drugs DOX

PTT combined with immune checkpoint blockade, PDT combined
with immunotherapy
PTTcombined with ferroptosis,
PDT in combination with chemotherapy

PTT combined with immune checkpoint blockade, PDT combined
with immunotherapy
PTT combined with immune checkpoint blockade, PDT combined

with chemotherapy

PTT combined with ICB can enhance T cell activity, transform “cold” tumors into “hot” tumors, and IDNP
induces immunogenic cell death (ICD), releases DAMPs, activates immune responses, and inhibits tumor
recurrence and metastasis
CpG-PBNP activates dendritic cells (DCs) by releasing CpG, induces tumor-specific T cell proliferation,
and enhances anti-tumor immune responses
Au@PDA@DOX nanoparticles induce ICD via PTT, release DAMPs, activate the immune system, and
inhibit tumor growth and bone metastasis
PTT combined with ICB can enhance T cell infiltration and improve the efficacy of immunotherapy, PDT
activates DCs by releasing tumor antigens and DAMPs, enhancing anti-tumor immune responses
GOx@FeNPs induces ICD through PTT and ferroptosis, releases DAMPs, activates DCs and T cells, and
inhibits tumor growth, PDT in combination with chemotherapy enhances the systemic anti-tumor immune
response by releasing ICD markers
PTT combined with ICB can enhance T cell infiltration and improve the efficacy of immunotherapy, PDT
inhibits tumor growth by releasing DAMPs and enhancing the efficacy of immune checkpoint blockade
PTT combined with ICB can enhance T cell activity and inhibit tumor immune escape, PDT enhances the

anti-tumor effect of chemotherapy drugs and inhibits tumor growth by releasing DAMPs
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The technologies discussed in this review have shown significant promise in preclinical studies and hold potential for
real-time practical use. However, several challenges must be addressed for successful clinical translation.'**'** Industrial
implications include the development of nano-delivery systems for PDT and PTT, which offer improved targeting and
efficiency, reducing damage to healthy tissues and enhancing ICD induction. This makes them valuable for cancer
immunotherapy and could lead to the development of targeted therapies with reduced side effects and improved patient
outcomes.'*>"'*® Additionally, the synergistic effects of combining phototherapy with chemotherapy or immunotherapy
can enhance treatment efficacy, particularly for patients with advanced or resistant tumors, offering a more comprehen-
sive treatment strategy.'?’ Despite these potential benefits, there are drawbacks for real-time use. The development and
manufacturing of nano-delivery systems and combination therapies are complex, requiring specialized expertise and
infrastructure. This complexity can increase costs and limit accessibility. Safety and toxicity concern also arise, as some
nano-materials may have long-term toxicity or biocompatibility issues that need thorough evaluation before clinical use.
Regulatory hurdles pose another challenge, with the approval process for new combination therapies and nano-delivery
systems being lengthy and demanding extensive preclinical and clinical data to demonstrate safety and efficacy.”'?®
Lastly, the high development and production costs of these advanced therapies may make them expensive, potentially
limiting their availability to patients, especially in low-resource settings. Despite these challenges, ongoing research and
technological advancements are working towards overcoming these barriers, bringing these innovative therapies closer to
real-time clinical application.'***'3°

Recent advancements in nanotechnology have introduced several innovative approaches that hold promise for enhancing
cancer treatment and drug delivery. Biodegradable nanocarriers, designed to degrade safely in the body after delivering their
payload, reduce long-term toxicity concerns and are suitable for sustained drug release or targeting specific tissues. CRISPR-
based approaches offer precise gene editing capabilities, which can be used to enhance the efficacy of cancer treatments by
targeting specific genetic mutations, though challenges such as efficient delivery and minimizing off-target effects need to be
addressed.'*"'** Al-driven drug delivery uses machine learning algorithms to predict optimal drug formulations, enhance
targeting, and personalize treatment plans based on patient-specific data, revolutionizing how drugs are developed and
administered.'**'** These emerging nanotechnologies are expected to play a significant role in shaping the future of cancer
treatment, offering more personalized, effective, and safer therapeutic options.

Summary and Outlook
Photodynamic therapy (PDT) and photothermal therapy (PTT) have emerged as promising strategies in cancer treatment,
offering non-invasive, repeatable, and minimally invasive approaches that can induce immunogenic cell death (ICD) and
trigger the body’s immune response against tumor cells. The integration of nanodelivery systems with these phototherapies
has further enhanced their efficacy and precision. PDT utilizes photosensitizers activated by light to generate reactive oxygen
species (ROS), leading to tumor cell death and the release of damage-associated molecular patterns (DAMPs) that activate
immune responses. At the same time the design of photosensitizers from first-generation natural compounds to third-
generation synthetic molecules and nanomaterials, have improved treatment efficacy and reduced off-target effects. PDT
has demonstrated significant potential in various cancers, including melanoma, colorectal adenocarcinoma, lung cancer, and
head and neck tumors, often through the induction of ICD and enhancement of tumor antigen presentation. PTT employs
photothermal agents (PTAs) to convert light energy into heat, causing thermal damage to tumor cells and releasing tumor
antigens and DAMPs. The ideal PTA should possess high water solubility, good biocompatibility, efficient photothermal
conversion, and effective tumor targeting. PTT has shown promise in treating breast cancer, neuroblastoma, prostate cancer,
and other malignancies, with the ability to modulate the tumor microenvironment and enhance immune cell infiltration and
activation. Nano delivery systems have revolutionized phototherapy by improving the solubility, stability, and tumor targeting
of photosensitizers and PTAs. The integration of PDT/PTT with chemotherapy and immunotherapy, creating synergistic
effects that enhance overall therapeutic outcomes. Examples include the ICG@siRNA nanoplatform for PDT and the
GOx@FeNPs system for PTT, which combine precise drug delivery with immune modulation to overcome treatment
resistance and improve antitumor efficacy.

Despite the progress made in PDT and PTT, there are still some challenges, and the effectiveness of both PDT and PTT is
limited by the depth of light penetration, especially for deep tumors, and therefore, improved light sources and techniques
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are needed to address this limitation. At the same time, the biocompatibility, stability, and clearance of nanoparticles from
the body need to be further optimized to ensure long-term safety. While phototherapy is usually minimally invasive,
localized overheating during PTT can damage surrounding normal tissue, so strategies to improve temperature control and
aiming accuracy are essential. Future research should focus on the development of nanomaterials with enhanced biocom-
patibility, targeting capabilities, and PDT/PTT efficiency. This includes exploring new materials and surface modifications
to improve performance in the tumor microenvironment. Translating novel nanodelivery systems and light therapy into
clinical practice requires rigorous safety and efficacy studies to meet regulatory standards. On top of this, further
exploration of combination regimens, such as PDT/PTT versus immunotherapy or chemotherapy, is needed to optimize
treatment options and overcome resistance mechanisms in various cancer types. Ongoing clinical trials are investigating the
safety and efficacy of PDT and PTT in various cancer types, including trials that combine phototherapy with immune
checkpoint inhibitors. The implementation of these therapies in the real world will require standardized light transmission,
dosimetry, and more to ensure consistent results across different healthcare settings. In conclusion, PDT and PTT, combined
with advanced nanodelivery systems, offer transformative potential for cancer treatment. Addressing the remaining
challenges and pursuing strategic research directions will pave the way for these therapies to become a mainstream choice
in precision oncology, ultimately improving patient outcomes and quality of life.

Photodynamic therapy and photothermal therapy have become new strategies for cancer treatment. They are non-invasive,
repeatable, and minimally invasive approaches that can induce immunogenic cell death, triggering the body’s immune
response to attack tumor cells, showing great clinical potential. To overcome the limitations of single therapies, the combined
use of PDT, PTT, and chemotherapy has shown significant advantages, providing new treatment options for cancer patients
and offering fresh perspectives for future cancer treatment strategies. With the advent of nano-delivery technologies and
optimized strategies for photosensitizers, challenges that PDT and PTT still face, such as low ROS production, local
overheating leading to damage to normal tissues, and limited impact on in situ cancers, will be addressed. Despite promising
preclinical results, clinical translation of nano delivery-based phototherapies faces multifaceted barriers. First, their size,
composition, and surface properties critically influence in vivo behavior, yet these characteristics dynamically change post-
administration through biological interactions, complicating performance evaluation. Second, rapid clearance by the reticu-
loendothelial system (RES) reduces tumor bioavailability while potentially causing liver/spleen toxicity, with current solutions
like PEGylation only partially mitigating this issue. Third, tumor targeting remains problematic as both active (ligand-
mediated) and passive (EPR effect) delivery mechanisms show inconsistent accumulation due to tumor heterogeneity and
microenvironmental barriers. Fourth, safety concerns persist regarding nanotoxicity, including poor biodegradation, DNA
damage, metal-induced neurotoxicity, and chronic immune effects that may outweigh therapeutic benefits. While promising in
preclinical studies, these combined challenges - encompassing manufacturing reproducibility (~30% batch consistency),
biological barriers (5-40x patient variability in ICD markers), and clinical practicality ($8,500/dose cost) - currently limit
widespread adoption. Overcoming these hurdles will require innovations in nanoparticle design (simplified formulations),
targeting strategies (TME-responsive carriers), and toxicity management (immune-compatible materials) to bridge the gap
between laboratory promise and clinical reality. We believe that new treatment options based on PDT and PTT will gradually
mature. Light therapies will play an increasingly important role in cancer diagnosis and treatment, providing new choices for

precision medicine and benefiting more patients.
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