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Advances in Illuminating Prostate Cancer with Emerging Phototherapies

Abstract 
Prostate cancer is a worldwide health concern in men, with substantially high incidence 
rate and advanced metastatic disease-related mortality rates. Despite advancements in 
diagnostics and treatment options, conventional therapies for prostate cancer, including 
surgery, radiotherapy, chemotherapy and androgen deprivation therapy, face limitations such 
as treatment resistance, limited precision and off-target side-effects. Hence, identification 
and clinical translation of novel therapeutic strategies is urgently needed. In this regard, 
phototherapies, such as photodynamic therapy (PDT) and photothermal therapy (PTT), are 
emerging as promising options for addressing the challenges associated with conventional 
treatment options. Utilizing near-infrared (NIR) light to selectively target cancer cells, these 
approaches spare healthy tissues. PDT employs photosensitizers to produce reactive 
oxygen species, thereby stimulating anti-tumor immune responses, disrupting the tumor 
microvasculature and/or inducing aopotitic or necrotic cell death. In contrast, PTT leverages 
photothermal agents to generate localized hyperthermia, achieving effective thermal ablation 
of tumor cells. Recent advancements in nanoparticle technology have significantly improved 
the efficacy and specificity of these phototherapies. Functionalized nanoparticles, such 
as those targeting prostate-specific membrane antigen (PSMA), enhance the precision of 
therapeutic delivery, reducing systemic toxicity. Combination strategies incorporating PDT 
and PTT with conventional modalities, including surgery, chemotherapy and immunotherapy, 
have demonstrated synergistic effects, leading to better therapy sensitization. Preclinical and 
clinical studies underline the potential of these multimodal approaches to enhance treatment 
outcomes, particularly for advanced and castration-resistant prostate cancer. This review 
explores the recent innovations in illuminating prostate cancer with phototherapies, their 
combination with conventional therapies, and their clinical potential in reducing the global 
prostate cancer burden.
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Introduction

Prostate cancer remains the most frequently diagnosed 
malignancy among men in over half the countries worldwide, 
with approximately 1.5 million new cases reported globally in 
2022 [1]. The rising incidence of prostate cancer in recent years 
is particularly concerning, though much of this increase is likely 
due to improved detection methods through enhanced screening 
practices [2]. Despite significant advancements in prostate cancer 
diagnostics,195, it is the fifth leading cause of cancer-related deaths 
in men with advanced prostate cancer being responsible for around 
400,000 deaths annually, and projections suggest this number 
could double by 2040 [1, 3]. The management of prostate cancer 
encompasses various approaches, including surgical intervention, 
chemotherapy, radiotherapy and immunotherapy. These traditional 
treatments come with their own drawbacks, including limited 
precision and undesirable side effects [4, 5]. In addition, many 
patients eventually experience disease progression, culminating 
in the development of androgen-independent castration-resistant 
prostate cancer (CRPC), which is often fatal [6]. Multiple pathways 
have been identified that may explain the progression to CRPC, 
involving both androgen receptor-dependent and androgen 
receptor-independent signaling mechanisms [4, 7]. Advancements 
in the management of Prostate cancer have led to the introduction 
of next-generation AR signaling inhibitors, which include drugs 
targeting androgen synthesis and more effective AR antagonists 
[8]. While these therapies can extend progression-free intervals 
and improve overall survival, resistance to these treatments 
eventually arises as well. A substantial number of patients with 
localized prostate cancer remain at a high risk of developing 
distant metastases, irrespective of prior local treatments [9]. 
Once metastasis occurs, androgen deprivation therapy becomes 
the primary systemic treatment, effectively delaying clinical 
progression [10]. However, despite initial responses, many patients 
treated with androgen deprivation therapy experience disease 
progression to metastatic castration resistant prostate cancer 
(mCRPC), during which cancer cells develop mechanisms to 
survive and proliferate even in the presence of castration-level 
testosterone [11]. At this advanced stage of disease, therapeutic 
options are extremely limited, and most patients experience 
rapid disease progression [12], underscoring the urgent need for 
innovative treatment strategies. In this context, phototherapies 
has gained attention as a promising and innovative treatment for 
prostate cancer, offering advantages such as higher specificity, 
lower invasiveness, and consistent reproducibility [13, 14]. Here, 
we explore the current progress in the use of phototherapies as a 
treatment for prostate cancer, discuss their potential combination 
with conventional therapies to improve treatment outcomes, 
and highlight the considerations to improve the efficacy of 
phototherapies to reduce the global prostate cancer burden.

Phototherapy

Phototherapy represents a potential avenue for cancer treatment 
with promising options such as photodynamic therapy (PDT) 
and photothermal therapy (PTT) (Figure 1) [15]. Nanoparticles 
are central to these therapies as they function as photosensitizers 
in PDT and photothermal agents in PTT [16]. Additionally, 
PDT and PTT utilize near-infrared (NIR) light (700–1100 nm), 
corresponding to a biological window optimal for maximizing 
tissue penetration by light. NIR is an optimal choice due to its 
ability to penetrate deeply into tissues while causing minimal 
damage to surrounding healthy tissues [17, 18]. Hence, NIR light 
is considered superior from other commonly used wavelengths 
in biomedical applications, such as ultraviolet or visible light, 
which tend to cause more substantial harm [19]. In addition, 

NIR light demonstrates greater penetration efficiency in tumor 
tissues compared to normal tissues. For instance, light with a 
wavelength of 630 nm can penetrate approximately 0.9 mm in 
normal brain tissue but extends to 1.6 mm in lung cancer tissue. 
[20].  Finally, the NIR region coincides with minimal absorption 
by water and biomolecules, making it particularly advantageous 
for phototherapy applications [21]. 
    PDT relies on the combination of a molecular oxygen, light and 
photosensitizer to generate reactive oxygen species that can induce 
the death of tumor cells [22]. Photosensitizer molecules capture 
light at specific wavelengths, which triggers a process that activates 
them and results in the targeted elimination of abnormal cells 
[23]. This approach leads to tumor destruction via three primary 
mechanisms: activation of an immune response, disruption of 
the tumor vasculature, and direct cell death [22, 24]. PDT can 
provoke and modulate immune responses that contribute to long-
term tumor control [23]. PDT can modulate the adaptive immune 
response, either enhancing or inhibiting it, depending on the 
specific treatment protocol used [25]. The oxidative damage caused 
by PDT can initiate an inflammatory response, resulting in the 
release of pro-inflammatory mediators that attract innate immune 
cells. These cells, in turn, activate a systemic anti-tumor immune 
response. Additionally, increasing evidence indicates that PDT 
aids in tumor cell destruction by boosting T-cell-mediated immune 
responses and fostering long-lasting immune memory [26]. PDT 
can induce the disruption of the tumor's microvasculature, leading 
to impaired blood supply and subsequent tumor cell death. This 
effect is achieved by targeting the photosensitizers to the blood 
vessels and using a brief drug-light interval [23]. The vascular 
effects of PDT can be specifically directed to the tumor and its 
surrounding tissues, offering significant advantages over other 
PDT protocols that focus on photosensitizer accumulation within 
tumor cells themselves [27]. In addition to programmed apoptotic 
cell death, PDT also induces non-programmed necrotic cell 
death [28, 29], that results in the release of cellular components 
and molecules that provoke an inflammatory response [30]. PDT 
has been shown to induce several non-conventional cell death 
pathways in cancer cells, as well such as pyroptosis, necroptosis, 
ferroptosis, paraptosis and parthanatos [29]. In particular, the 
necrosis of tumor cells and vasculature induced by PDT can also 
activate CD8+ cytotoxic T lymphocytes, which target and destroy 
tumor cells while circulating in the body for extended periods [23, 
28].
    PTT operates independently of oxygen and utilizes NIR laser 
absorbers to generate heat, enabling thermal ablation of cancer 
cells under NIR laser exposure [15, 16]. Photothermal agents are 
administered intravenously or directly into the tumor, where they 
accumulate at the targeted site. When exposed to light at specific 
wavelengths, these agents absorb the light energy, causing them to 
shift from their ground state to an excited singlet state. The energy 
is then released through vibrational relaxation, a non-radiative 
decay process, in which the molecules return to their ground state 
by transferring energy to nearby molecules [31]. The elevation 
of kinetic energy during PTT leads to a rise in local tissue 
temperatures, thereby heating the surrounding microenvironment. 
When tissues reach 41°C, a heat-shock response is activated. This 
response leads to rapid changes in gene expression to counteract 
heat-induced damage, primarily through the production of heat-
shock proteins [32]. At 42°C, tissue damage becomes irreversible. 
Prolonged exposure to temperatures between 42°C and 46°C for 10 
minutes leads to substantial cell death. In the 46–52°C range, rapid 
cell death occurs due to microvascular thrombosis and subsequent 
ischemia. When tissue temperatures surpass 60°C, immediate cell 
death results from protein denaturation and the destruction of the 
plasma membrane [33]. However, research has demonstrated that 
temperatures surpassing 49 °C predominantly induce necrotic cell 
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death, which may lead to inflammation and promote secondary 
tumor growth [34]. Notably, maintaining a highly controlled 
temperature range of 46–49 °C has been identified as optimal 
for eradicating tumors [35]. Within the NIR spectrum, the NIR-I 
window of 750–900 nm is currently the most widely used range 
in PTT research. However, there is growing interest in exploring 
the NIR-II range (wavelengths exceeding 1000 nm) to enhance 
therapeutic efficacy as the longer wavelengths of the NIR-II region 
reduce tissue scattering and have lower photon energy, enabling 
even greater tissue penetration depths [36]. Overall, phototherapies 
offers promising avenues in limiting tumor burden through 
innovative and targeted approaches.

Factors determining the efficacy of phototherapies in prostate 
cancer treatment

The application of phototherapies for treating prostate cancer 
involves a series of crucial steps. Initially, a photosensitizing or 
photothermal agent is introduced to the patient, either through 
systemic administration or direct injection into the tumor. The 
selection of the appropriate agent is influenced by various factors, 
including its ability to absorb light, distribute throughout the 
body, and preferentially accumulate in tumor cells [37, 38]. After 
the photosensitizing or photothermal agent has been adequately 
absorbed, a light source with specific characteristics, such as 
wavelength and power, is used to effectively activate the agent. 

The methods of light delivery can differ, with options such as 
intraluminal or interstitial illumination being employed [39]. For 
instance, in prostate cancer, intraluminal devices can be employed, 
where light-emitting instruments are introduced through catheters 
or endoscopes. Alternatively, interstitial phototherapy involves the 
direct placement of optical fibers or diffusers into prostate tissue, 
allowing light to penetrate deeper layers of the tumor [38, 39]. The 
ultimate goal is to achieve optimal light distribution throughout the 
tumor, ensuring maximum therapeutic effect. Employing active 
targeting strategies is also key to achieve focused therapeutic 
outcome along with minimal side-effects. Active targeting involves 
modifying nanoparticle delivery systems with surface coatings, 
such as antibodies, peptides, and aptamers, that specifically bind to 
molecules highly expressed on tumor surfaces or within the tumor 
microenvironment [40]. For instance, PSMA is predominantly 
found in castration-resistant, advanced, and metastatic prostate 
cancer, and has been identified as a key target [41]. For instance, 
PI-PEG on Au@PDA, creating Au@PDA/PEG-PI (target-NPS) 
nanoparticles have been designed for infrared-II laser-triggered 
phototheray. These nanoparticles effectively down-regulated 
PSMA expression in Prostate cancer cells. In vitro and in vivo 
experiments revealed strong photothermal conversion capabilities 
and photothermal stability while operating within the NIR range's 
maximum permissible exposure, highlighting their potential as 
photothermal agents [42]. In addition, a biocompatible melanin 
nanoparticles (PMNs-II-813) functionalized with a PSMA-

Figure 1. Phototherapy in prostate cancer. Phototherapy represents a potential avenue for cancer treatment with promising options such as 

PDT and PTT. Under NIR light, PDT, with the help of photosensitizers, enhances immune response, devascularization and cell death based on 

induction of ROS, whereas PTT, with the help of photothermal agents, induces hyperthermia leading to heatshock response and cell death in 

prostate cancer cells.
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specific small-molecule inhibitor has also been developed. This 
system enabled targeted prostate cancer treatment by combining 
radioisotope therapy with the phototherapy capabilities of PMNs-
II-813, resulting in superior tumor inhibition rates compared 
to either radioisotope therapy and phototherapy alone [43]. 
These finding affirm that active targeting approaches exhibit 
improved performance and enhance the therapeutic efficacy of 
phototherapies against prostate cancer.

PDTs against prostate cancer

PDT holds great promise as a treatment modality for prostate 
cancer, potentially offering a safer and more effective alternative 
to traditional treatments [13, 44]. However, while PDT shows 
promise, it is unlikely to be fully effective in completely 
eliminating prostate cancer on its own. Therefore, combining 
PDT with other therapeutic approaches may enhance treatment 
outcomes by leveraging the strengths of each modality and 
compensating for their individual limitations, potentially resulting 
in synergistic or additive therapeutic effects [45]. In particular, 
combination strategies in PDT for the treatment of cancer aim 
to overcome challenges related to tumor size and location [46]. 
Larger tumors or those situated in difficult-to-reach areas present 
obstacles to complete tumor elimination with PDT alone, as light 
penetration is limited in depth [47]. Hence, integrating PDT with 
other therapeutic approaches, including surgery, chemotherapy, 
immunotherapy, and sonodynamic therapy can address these 
limitations (Figure 2) [48]. These combined approaches can 
enhance treatment efficacy, particularly for larger tumors, by 
sensitizing them or targeting remaining cancerous cells. Surgical 
intervention remains a common approach in the treatment of 
prostate cancer, though it does not always succeed in completely 
eradicating the disease. Recent research has explored the 
combination of surgery and PDT to improve treatment outcomes. 
For instance, a study has recently confirmed the feasibility, safety, 
and efficacy of combining surgery with PDT to treat locally 
recurrent prostate cancer while reporting superior short-term 
clinical outcomes [49]. Similarly, a retrospective analysis evaluated 
the safety and effectiveness of salvage radical prostatectomy 
performed after vascular-targeted PDT in 45 patients with 
persistent or recurrent disease. The findings indicated that this 
combined approach was both safe and effective for treating 
localized prostate cancer, with no severe complications or adverse 
effects reported [50]. Recently, scientists have introduced a new 
therapeutic strategy for prostate cancer called photochemotherapy, 
which integrates PDT with chemotherapy. This strategy allows 
for targeted drug delivery directly to tumor cells, potentially 
reducing damage to surrounding healthy tissues, unlike traditional 
chemotherapy [51]. The combination enhances treatment 
effectiveness, as chemotherapy compensates for PDT's limited 
light penetration and may increase the cancer cells' susceptibility to 
reactive oxygen species or hyperthermia, leading to a synergistic 
effect [52]. Additionally, a recent study has demonstrated that 
co-encapsulation of a theranostic photosensitizer, TPCI, and 
paclitaxel in liposomes results in up to a 30-fold increase in 
anticancer potency compared to standalone therapies. The 
treatment effectively ablated tumors and enabled precise, real-time 
monitoring of therapeutic responses in a mouse model with PC3 
prostate tumors [53]. 
    Photoimmunotherapy is an innovative treatment approach that 
integrates phototherapy and immunotherapy to combat cancer. 
This method aims to stimulate immune responses against tumors 
and prevent cancer recurrence [54]. This method selectively 
eradicates cancer cells by triggering the activating an immune 
response. NIR-photoimmunotherapy using the anti-prostate-
specific membrane antigen (PSMA)-IR700 antibody demonstrated 

specific tumor targeting, significant tumor growth inhibition, and 
prolonged survival in a PSMA-expressing prostate cancer mouse 
model, with more than two-thirds of tumors cured. These findings 
suggest that anti-PSMA-IR700 is a promising therapeutic approach 
for PSMA-expressing tumors, with strong potential for clinical 
translation in humans [55]. Both PDT and sonodynamic therapy 
use sensitizers capable of producing reactive oxygen species that 
damage cancer cell membranes. Preclinical studies in other cancer 
types, such as brain cancer, have demonstrated positive outcomes 
from combining these two therapies [56]. While there are no direct 
studies investigating the combination of PDT and sonodynamic 
therapy for prostate cancer, ongoing research into their potential 
in cancer treatment is promising [57]. In the context of prostate 
cancer, ultrasound's deep penetration can activate photosensitizers 
without the need for an endoscope or light in the bladder, offering 
a unique advantage [56, 57]. Research is underway to identify the 
most effective sensitizers and delivery mechanisms to optimize 
the potential of PDT and its combination with other therapeutic 
modules in prostate cancer treatment. Overall, combining PDT 
with other conventional therapies is a promising avenue to reduce 
prostate cancer burden.

PTTs against prostate cancer

PTT offers significant clinical promise due to its advantages of 
high efficiency, minimal invasiveness, and remarkable selectivity 
[14]. In addition to enhancing the targeting capabilities of 
photothermal agents, improving their inherent properties such 
as enhancing photothermal conversion efficiency, photostability, 
and other physical attributes, while simultaneously improving 
biocompatibility and minimizing cytotoxic effects have 
substantially improved the worth of PTT as therapeutic modality 
[58]. For instance, a microemulsion approach was employed to 
develop IR780-MnCs, which integrate poly(lactic-co-glycolic acid) 
(PLGA), magnetic Fe₃O₄ nanoparticles, and IR780 dye to enhance 
photothermal therapy for prostate tumors. These biocompatible 
nanoparticles exhibited stable performance, controlled release 
in acidic environments, extended circulation times, and 
effective tumor targeting due to their optimal size and enhanced 
permeability and retention effect. Under 808 nm laser irradiation, 
the heat generated by IR780 enabled efficient PTT. Both in vitro 
and in vivo experiments demonstrated that IR780-MnCs achieved 
significantly stronger anti-tumor effects against prostate cancer 
compared to control groups [59]. In another study, AuNC@SiO₂ 
nanoparticles with a size of 60–70 nm, have been characterized by 
low cytotoxicity and improved photostability. These nanoparticles 
were evaluated as NIR photothermal agents for treating prostate 
cancer both in vitro and in vivo. During NIR irradiation at an 808 
nm wavelength, the PTT experiment demonstrated effective tumor 
ablation in PC-3 cancer cells. In vivo studies further revealed 
a progressive reduction in tumor volume in tumor-bearing 
mice over 15 days of NIR irradiation, culminating in complete 
tumor disappearance [60]. Furthermore, a simple and rapid two-
minute microwave-assisted method for synthesizing atomically 
thin copper nanocrystals has been introduced. To enhance their 
biocompatibility, aqueous stability, water dispersibility, and 
free carrier density, these nanocrystals were coated with starch 
layers. In vitro experiments on human prostate cancer PC-3/Luc+ 
cells demonstrated a high photothermal ablation effect, with an 
impressive 98.4% of the cells being eradicated [61]. A nanosystem 
(AuNCs–LHRHa) that integrates f luorescence/computed 
tomography (FL/CT) imaging and PTT through 808 nm NIR 
irradiation has also been devised. Functionalized with LHRHa, 
the nanoparticles achieved enhanced tumor targeting by exploiting 
GnRHR overexpression in prostate cancer cells, resulting in 
improved therapeutic outcomes compared to non-targeted groups 
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[62]. In addition, AMNDs-LHRH nanosystems incorporating 
Au/Mn nanodots for treating bone metastatic Prostate cancer 
have been devised. These systems exhibited excellent targeting 
capabilities and photothermal response, as demonstrated in a 
mouse tibial prostate cancer model, where the tumor site rapidly 
reached 50 °C under 808 nm laser irradiation [63]. These finding 
affirm beneficial impacts of PTT as prostate cancer treatment.
    The potential of combining PTT with other therapeutic 
strategies for prostate cancer has garnered substantial attention 
in recent years as combination treatment modalities enhance 
overall therapeutic outcomes (Figure 2) [64]. Recent studies 
have explored various synergistic approaches. For instance, 
PSMA-targeted light-responsive nanosystems combining PTT 
and chemotherapy have been devised. These systems were 
designed with liquid perfluorocarbon cores and polymer shells, 
incorporating IR780 (an indocyanine green derivative) along 
with the chemotherapeutic agent paclitaxel.The perfluorocarbon 
component facilitated ultrasound-enhanced drug delivery 
and release via a gas–liquid transition, while IR780 enabled 
photoacoustic imaging-guided PTT. The combined therapy 
demonstrated excellent inhibitory effects on tumor cell 
proliferation in vitro and significant therapeutic efficacy in 
vivo [65]. In another approach, a Cu-MNCS-AIPH@PAA 
nanoplatform with excellent photothermal conversion and fenton-
like reaction efficiency, have been developed. This platform 
synergistically combines PTT, chemodynamic therapy, and alkyl 
radical production, effectively inhibiting tumor growth in vitro 
and in vivo [66]. Similarly, SPION-based Eto delivery systems 
combined with mild hyperthermia (808 nm laser irradiation) to 
target androgen-dependent and independent prostate cancer cells. 
Their Eto-BSA@PAA@SPIONs showed increased drug release 

and cell sensitization to chemotherapy, significantly improving 
cytotoxicity and inducing ~50% more Eto release in nanoparticles 
[67]. A multifunctional nanoparticle system based on mesoporous 
polydopamine for targeted drug delivery and chemo-PTT of 
prostate cancer have been explored. The nanoparticles, AS1411@
MPDA-DTX, were functionalized with the aptamer AS1411, which 
specifically binds to surface nucleolin expressed on prostate cancer 
cells. The system demonstrated effective tumor targeting, pH-
responsive drug release, and enhanced anti-cancer efficacy under 
NIR irradiation in vitro and in vivo [68]. Additionally, doxorubicin-
supported reduced graphene oxide (RGO-HNP) nanoparticles 
have been introduced which are stabilized by chitosan. This 
system achieved controlled doxorubicin release (~50% over 48 
hours), high biocompatibility, and efficient heat conversion under 
808 nm irradiation, demonstrating significant tumor cell death 
[69]. Furthermore, PLGA-ICG-R848 nanoparticles co-loaded with 
indocyanine green and TLR7/8 agonist R848 have been developed. 
Under NIR laser irradiation, this system inhibited prostate cancer 
cell growth and enhanced anti-tumor immunity in a mouse 
model, as evidenced by increased dendritic cell maturation [70]. 
Moreover, another platform named GCR-CDP8MA for IR-II-
mediated photothermal immunotherapy has also been devised. 
Functionalized with gamma-Cd cross-linked polyethylenimine, 
targeting peptides, and meclofenamic acid, this system exhibited 
remarkable biocompatibility and efficient photothermal conversion 
when exposed to 1208 nm laser irradiation. It enhanced m6A RNA 
methylation, reducing PD-L1 transcript stability and promoting 
immune clearance through T-cell activation and maturation 
of dendritic cells [71]. Overall, combining PTT with other 
conventional therapies is a promising avenue to reduce prostate 
cancer burden.

Figure 2. Combination therapeutic strategies involving phototherapies against prostate cancer. Therapeutic platforms combining phototherapies, 

such as PDT and PTT, with surgery, chemotherapy, immunotherapy and sonodynamic therapy have been devised for targeted drug delivery, 

improving therapy sensitization and inducing efficient tumor regression in prostate cancer while exhibiting minimal side-effects. In addition, 

biomimetic cell membrane-coated nanoparticles involving macrophages and cancer cell membrane have also been explored to enhance the 

delivery and efficacy of PTT.
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    Biomimetic cell membrane-coated nanoparticles have also been 
employed for active targeting (Figure 2). For instance, a nano-
platform by encapsulating autophagy inhibitors and chloroquine 
within mesoporous polydopamine nanoparticles coated with 
homologous prostate cancer cell membranes have been developed. 
This biomimetic system synergistically combined PTT and 
autophagy inhibition, effectively suppressing tumor growth in vitro 
and in vivo [72]. A novel macrophage-based drug delivery system 
(MAs-DOX/rGO) has also been explored. Graphene oxide loaded 
with doxorubicin (DOX/rGO) was internalized into macrophages, 
leveraging their natural chemotaxis to deliver the system to 
tumors. Upon NIR irradiation, the heat generated by DOX/rGO 
caused macrophage destruction, releasing doxorubicin into the 
tumor microenvironment. In vitro and in vivo studies confirmed 
the synergistic efficacy of this chemotherapy-PTT combination for 
Prostate cancer [73]. In addition, biomimetic Fe₂O₃ nanoclusters 
modified with polypyrrole and cell membranes. These nanoclusters 
exhibited exceptional absorption in the NIR-II window and a 
photothermal conversion efficiency of 78.7% under 1064 nm 
irradiation, enabling low-dose PTT with excellent biocompatibility 
[74]. Overall, these findings highlight the biomimetic applications 
of PTT and their beneficial impact against prostate cancer.

Combining PDT and PTT as prostate cancer therapy

In addition to combining PDT and PTT independently with 
conventional therapies, the combination of PDT and PTT has 
also been explored to enhance the benefits of both therapies. 
Thermal effect by PTT can improve local blood circulation and 
increase oxygen levels within the tumor, thereby compensating 
for the hypoxic conditions that limit PDT's effectiveness [75]. 
For instance, self-assembled nanoparticles, like polydopamine 
nanoparticles, have been utilized to co-deliver photodynamic and 
photothermal agents, achieving a synergistic therapeutic outcome 
[45, 75]. In addition, graphene oxide modified with palladium 
nanoparticles (GO-Pd NPs) for combined PDT and PTT have 
also been developed. Under NIR laser irradiation, GO-Pd NPs 
generated high photothermal and reactive oxygen species effects, 
leading to reduced tumor volumes in prostate cancer models with 
minimal toxicity to healthy organs. This combination therapy 
showed strong potential for localized solid tumor treatment 
[76]. Furthermore, gold-caged copolymer nanoparticles (PTX-
PP@Au NPs) have recently been developed as a multifunctional 
platform for androgen-resistant prostate cancer. These 
nanoparticles encapsulated paclitaxel within gold-caged pluronic-
polyethylenimine micelles. Single-light activation (808 nm) 
enabled synergistic PTT and PDT effects while enhancing release 
through photothermal activation. In vitro, the system demonstrated 
enhanced cell uptake, cell cycle arrest, apoptosis, and TRPV6 ion 
channel blockage, whereas in vivo, PTX-PP@Au NPs achieved 
high tumor accumulation via enhanced permeability and retention 
effects, supporting their use as a robust multimodal therapy [77]. 
Moreover, a multifunctional nanoplatform GNS@IR820/DTX-
CD133 has demonstrated effective targeting of tumor tissues in 
CRPC through CD133 antibody guidance and enabled real-time 
monitoring via NIR fluorescence and photoacoustic imaging. The 
synergistic PDT, PTT and chemotherapy strategies under NIR-
light irradiation have been shown to achieve excellent antitumor 
effects in vitro and in vivo, highlighting its potential for clinical 
applications in CRPC therapy [78]. Finally, polymeric vesicles 
functionalized with AuNR surfaces achieved synergistic PDT 
and PTT under single-wavelength NIR excitation, demonstrating 
high cellular uptake, efficient tumor accumulation, and enhanced 
photothermal conversion, significantly promoting apoptosis in 
androgen-independent PC3 prostate cancer cells [79]. These 
findings highlight the potential of combining PDT and PTT as 

potent therapeutic option against prostate cancer.

Conclusion and future prospects

Prostate cancer is one of the primary causes of cancer-related 
fatalities among men, and the majority of patients undergoing 
androgen deprivation therapy eventually develop mCRPC, 
highlighting the challenges of standard treatment approaches. 
Phototherapies, particularly PDT and PTT, represent a promising 
frontier in prostate cancer management, offering innovative 
solutions to challenges associated with traditional treatments. PDT 
harnesses the production of reactive oxygen species to selectively 
destroy cancer cells while inducing anti-tumor immune responses. 
Complementarily, PTT employs localized hyperthermia to ablate 
tumors with minimal off-target effects. These therapies benefit 
from the use of NIR light, which achieves deeper tissue penetration 
and reduced collateral damage compared to other wavelengths. 
Recent advancements in nanoparticle design and functionalization 
have enhanced the targeting efficiency and therapeutic outcomes of 
PDT and PTT against prostate cancer. For example, nanoparticles 
functionalized with PSMA-specific ligands enable precise 
delivery to prostate cancer cells, improving treatment specificity. 
Combination strategies, such as integrating PDT and PTT with 
chemotherapy or immunotherapy, have demonstrated synergistic 
effects.
    Despite advances in understanding the mechanisms behind 
phototherapies and creating innovative nanomaterials, challenges 
such as lack of highly efficient photosensitizers and photothermal 
agents, optimizing light delivery, minimizing systemic toxicity, 
and scaling production for clinical use remain [38]. Multimodal 
therapies combining PDT with other treatments have shown 
potential in addressing issues related to multidrug-resistant and 
hypoxia-induced prostate cancers [80]. However, these strategies 
introduce complexities, such as increased side effects and the 
need for careful optimization of sequencing and timing. There has 
been a global effort to develop novel organic photosensitizers to 
improve the efficiency of PDT [81]. In recent advancements, PDT 
has entered a new phase involving vectorization and encapsulation 
techniques within drug delivery systems. These innovative 
strategies are aimed at improving the targeting and delivery of 
photosensitizers directly to tumor tissues [82-84]. Over the past 
five years, clinical research on the use of PTT for prostate cancer 
has been limited, with many studies focusing on the application of 
gold nanoparticles as the primary photothermal agents [85]. The 
limited number of clinical studies stems mainly from difficulties 
associated with the prostate's deep anatomical location and the 
prolonged process of advancing photothermal agents from basic 
research to clinical trials. Additionally, a significant drawback 
of PTT for solid tumor treatment is the inadequate penetration 
of light, which may prevent complete tumor eradication and 
increase the risk of metastasis or recurrence [86]. In addition, 
full potential of combining PDT and PTT is also challenged by 
challenges remain with the low photoconversion efficiency of some 
materials [87], warranting considerable improvement to enhance 
the efficacy of these phototherpies against prostate cancer. Lastly, 
further clinical studies are essential to explore the effectiveness of 
phototherapies, both as a standalone treatment and in combination 
with other cancer therapies [13]. As these therapies continue to 
evolve, they hold the potential to significantly improve outcomes 
for patients with prostate cancer, particularly those with advanced 
or treatment-resistant forms of the disease. By integrating 
phototherapies into standard care protocols, the global burden of 
prostate cancer could be markedly reduced, paving the way for 
more personalized and effective treatment strategies.
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