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Photodynamic nanodrugs (PDNS) have demonstrated significant advantages in enhancing therapeutic outcomes while reducing systemic toxicity, achieved primarily through optimized photosensitizer solubility, targeted biodistribution, and site-specific accumulation. This review systematically examines recent progress and future directions of PDNS development, encompassing fundamental research to clinical translation. Specifically, it analyzes the composition, mechanisms of action, inherent advantages, clinical applications, as well as the challenges faced in this domain. The introduction of nanocarriers has circumvented the limitations of the core photosensitizers, substantially enhancing the efficacy and safety of PDNS via targeted delivery and synergistic therapy. Moreover, the integration of stimuli-responsive and multifunctional nanoplatforms has further improved the spatiotemporal control of reactive oxygen species (ROS) generation, thereby minimizing off-target effects. In addition, the combination of PDNS with immunotherapy has exhibited synergistic effects, underscoring the potential of this integrated approach. PDNS has made remarkable progress in cancer treatment through receptor-mediated endocytosis, self-assembly, and precise targeting. Beyond cancer treatment, PDNS holds considerable promise in treating a diverse array of non-oncological diseases, such as acne, psoriasis, dry eye disease, and cardiovascular disorders, et al. In this regard, PDNS has emerged as a pivotal component within the realm of personalized medicine. Despite these notable advancements, challenges persist in optimizing drug delivery and achieving efficient clinical translation. Looking ahead, future perspectives encompass the development of highly efficient photosensitizers and ensuring accurate nanocarrier delivery, which will undoubtedly facilitate the progress of PDNS in the clinical application field.
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1 INTRODUCTION
Photodynamic nanodrugs (PDNS), sophisticated nano systems integrating therapeutic photosensitizers with engineered nanocarriers, have emerged as a critical therapeutic modality in modern medicine for both cancer and non-cancer diseases (Wang et al., 2023a). Upon exposure to specific light stimulation, these nanoscale agents trigger the production of reactive oxygen species (ROS), facilitating precise destruction of diseased cells and ultimately achieving therapeutic efficacy. This integrated strategy offers high selectivity and minimal toxicity. For instance, nanocarriers like liposomes and polymer-based systems exhibit varied biocompatibility profiles, and some inorganic PDNS including gold nanoparticles may induce long-term accumulation concerns (Jakic et al., 2024). It overcome early photosensitizer limitations such as inadequate water solubility, suboptimal biodistribution, and insufficient targeting owing to advancements in materials science and medicine (Sarbadhikary et al., 2022).
The evolution of photosensitizers has significantly enhanced the multifunctionality of PDNS, enabling simultaneous imaging and therapeutic capabilities (Li et al., 2022a). Furthermore, innovations in nanomaterials have improved the efficiency of ROS generation and cellular uptake, ensuring precise targeting while minimizing collateral damage (Qi et al., 2019). The incorporation of stimuli-responsive elements has further advanced the field, allowing for controlled photosensitizer release, which further optimizes therapeutic outcomes while maintaining biocompatibility and safety in clinical applications (Naser et al., 2024).
In practice, the development of matched nanocarriers has revolutionized the application of PDNS by enhancing the physicochemical properties and pharmacokinetic behavior of photosensitizers (Marques et al., 2023). These carriers improve water solubility and stability, facilitate selective accumulation via the enhanced permeability and retention (EPR) effect, and enable precise spatiotemporal control through multifunctional designs, such as surface modification and stimulus-responsive release (Islam et al., 2021). Recent innovations include the development of novel photosensitizers and the optimization of metal-organic frameworks (MOFs) and polymer nanoparticles, which exhibit exceptional drug-loading capacity and photothermal conversion efficiency. These systems can be activated by near-infrared (NIR) light, enabling deep tissue penetration (Zhu et al., 2022). Additionally, the incorporation of herbal medicine into PDNS, such as berberine-loaded polymeric nanoparticles, has demonstrated promising synergistic effects, leading to more accurate and safer treatments (Marques et al., 2023; Sulaiman et al., 2022).
Despite significant theoretical and experimental advancements, challenges remain in optimizing drug delivery systems of PDNS for enhanced targeting and penetration in clinical applications. Future research must focus on bridging the gap between laboratory research and clinical translation. This review summarizes recent progress in the development of PDNS, emphasizing its composition, mechanisms of action, and clinical potential. The purpose is to highlight the present advancements and future perspectives in modern therapeutic applications.
1.1 Composition and action mechanism of PDNS
The composition and action mechanism are of paramount importance in precisely targeting diseased cells, efficiently generating reactive oxygen species (ROS) to disrupt its structure and function, thereby enhancing therapeutic efficacy while minimizing damage to normal tissues (Chang et al., 2023). Photosensitizers, as the core components, upon light activation, are capable of generating ROS such as singlet oxygen and hydrogen peroxide. These ROS can induce apoptosis or necrosis of target cells by damaging its membranes, DNA, and proteins. Classical photosensitizers include porphyrins and platinum - based polypyrroles (Li et al., 2023b). Although platinum - based polypyrroles have specific applications, they are less well - recognized compared to the porphyrins (German et al., 2024).
However, these photosensitizers suffer from several limitations in clinics, including low photostability, poor water solubility, and limited tissue penetration depth (Ding et al., 2024). These drawbacks lead to uneven distribution of photosensitizers in tissues and a reduction in the overall efficacy. Nanocarriers are another essential component. It can enhance the stability and bioavailability of its encapsulated photosensitizers by protecting from degradation. Existing nanocarrier materials include inorganic nanoparticles, liposomes, exosomes, and red blood cell membranes (Li et al., 2023a). These nanocarriers can improve the stability of drugs and enable targeted delivery through surface modifications, thus enhancing the therapeutic selectivity and effectiveness of PDNS. Some comparative studies highlight trade-offs between carrier types. For example, liposomes exhibit rapid clearance compared to exosome-based systems, which show prolonged circulation but face scalability challenges (Islam et al., 2021; Marques et al., 2023). Similarly, porphyrins dominate clinically due to strong ROS generation, but emerging NIR agents like ICG offer deeper tissue penetration despite lower photostability (Zhu et al., 2022). Similar to photosensitizers, these nanocarriers also face several limitations in practice. These include potential biocompatibility issues, rapid clearance from the human body leading to short durations of therapeutic effect, as well as nonspecific binding and aggregation in complex biological environments (Mesquita et al., 2024), which may affect its final precise delivery efficiency and therapeutic application (Figure 1).
[image: Figure 1]FIGURE 1 | Composition and its innovation for PDNS.
To address the aforementioned issues of PDNS, numerous strategies have been meticulously explored. Among them, the incorporation of nanotechnology has proven to be an exceptionally effective solution, significantly enhancing drug stability, augmenting targeting efficiency, and ultimately, substantially improving therapeutic outcomes. In the sphere of cancer therapy, bacterium-based PDNS are prepared utilizing lysozyme degradation, ammonium chloride lysis, and nano-extrusion techniques to enhance their efficacy (Gholami et al., 2024). Bacterial membrane-coated nanoparticles (e.g., P. gingivalis) enhance tumor targeting via pathogen-associated molecular patterns in OSCC (Shi et al., 2023).
In practice, these PDNS not only exhibit robust therapeutic capabilities but also amplify the effects through immune activation (Liu et al., 2021). Furthermore, it can efficiently encapsulate commonly used chemotherapeutic agents, such as doxorubicin (DOX), through straightforward incubation methods, thereby enabling synergistic effects between PDNS-based immunotherapy and chemotherapy to suppress the growth and metastasis of OSCC. Additionally, a novel PDNS platform has been developed by optimizing non-covalent interactions between pure drugs to construct self-delivering immunostimulatory systems (Hao et al., 2024). The non-covalent interaction between chlorin e6 (Ce6) and NLG919 forms immunostimulatory systems that avoid toxicity and immunogenicity caused by excipients (Liu et al., 2024d). After intravenous injection, these systems passively accumulate in target tissues, enabling efficient PDNS and inducing immunogenic cell death, which in turn activates cytotoxic T lymphocytes (CTLs) and triggers immune responses.
Moreover, the delivered NLG919 inhibits indoleamine 2,3-dioxygenase 1 (IDO1), further enhancing the therapeutic efficacy. Another innovative class of PDNS employs ROS-responsive degradable linkers to conjugate DOX with polyethylene glycol (PEG), forming amphiphilic PEG-DOX conjugates (PEG-TK-DOX) that self-assemble into biologically activatable, ROS-responsive nanoparticles (Wang et al., 2024). This system efficiently encapsulates the hydrophobic PDNS agent pheophorbide A, enabling light-triggered chemo-photodynamic combination therapy and thus enhancing treatment efficacy.
Briefly, compared with classical photosensitive drugs, the aforementioned advancements suggest that PDNS has made significant strides recently, exhibiting strong selectivity and minimal side effects (An et al., 2024). Nonetheless, the application of PDNS still encounters several practical challenges, such as poor stability of photosensitizers in vivo, insufficient accumulation at target sites, and decreased efficacy caused by hypoxic environments (Gholami et al., 2024). To surmount these obstacles, researchers have devised various multidisciplinary drug approaches, which not only improve the stability and bioavailability of the core photosensitizers but also achieve targeted precision therapy and multifunctional applications, thereby bringing new hope for clinical treatment.
2 ADVANTAGES OF PDNS
After exploring the specific composition and operational mechanism, it’s essential to highlight the numerous advantages these advanced therapeutic systems offer. These include the superior properties of nanocarriers, the ability to achieve synergistic multimodal therapy, the enhancement of photosensitizer efficacy, and the execution of targeted precision therapy. By examining these facets, a comprehensive understanding would be gained of how PDNS are revolutionizing the landscape of modern medicine.
2.1 Advantages of nanocarriers
The nanocarrier significantly enhances the biological distribution of photosensitizers and the enrichment of sites with translational efficacy varies. For instance, PEGylated liposomes improve circulation time but may trigger immune responses, whereas exosomes evade clearance mechanisms yet lack standardized production protocols (Dinakar et al., 2023; Lokesh et al., 2024). It shield them from degradation within the body, substantially prolong blood circulation time, and leverage the enhanced permeability and retention (EPR) effects to accumulate preferentially within target blood vessels (Kumar et al., 2024). The advantages of nanocarriers in the realm of medical therapy are well-documented and are becoming increasingly pivotal. Nanocarriers substantially enhance not only the biological distribution but also the enrichment of therapeutic photosensitizers at target sites (Dinakar et al., 2023).
By encapsulating photosensitizers, these nanocarriers safeguard them from degradation within the body, thereby ensuring their stability and efficacy throughout the treatment process (D’Addio et al., 2012). Furthermore, the nanocarriers extend the blood circulation time of encapsulated photosensitizers, enabling a more sustained release and elevated bioavailability at the target site. This is partly accomplished through the EPR effects, which aid in the preferential accumulation within target blood vessels and tissues. Additionally, the nanocarriers can be specifically designed to target certain cell types, such as cancer stem cells, which often exhibit resistance to traditional therapies. By eradicating these tumor “seeds,” nanomedicine-based therapies have the potential to elicit more complete and durable responses (Li et al., 2023c). Moreover, the nanocarriers can facilitate the delivery of photosensitizers to deep tissues by inducing changes in tumor vasculature permeability (Figure 2).
[image: Figure 2]FIGURE 2 | Advantages of nanocarriers in the PDNS design.
Concisely, the advantages of nanocarriers in medical therapy are manifold, encompassing enhanced protection from degradation, prolonged blood circulation time, preferential accumulation at target sites, versatile design capabilities, and targeted delivery to specific cell types. These attributes position nanocarriers as a promising platform for the development of more efficacious and targeted therapies.
2.2 Achieving the synergistic effect of multimodal therapy
A versatile nanoplatform, endowed with a diverse array of functionalities such as photosensitizers, prodrugs, fluorescent dyes, and magnetic resonance contrast agents, represents a groundbreaking innovation that significantly amplifies the synergistic advantages of multimodal therapy. This remarkable advancement heralds a pivotal leap forward in the realm of medical treatment, promising unprecedented improvements in clinical outcomes. Researchers have meticulously designed a multifaceted nanoplatform that not only efficiently transports photosensitizers but also seamlessly integrates chemotherapy drugs or immunomodulators.
The innovative approach facilitates the powerful synergistic effect of multimodal therapy, marking a significant milestone in the evolution of medical treatment (Liu et al., 2024c). This strategy holds immense promise for addressing a multitude of diseases, notably cancer and bacterial infections. In the realm of cancer immunotherapy, a prodrug has been engineered to respond to the tumor microenvironment, inducing pyroptosis and thereby activating the immune system for multimodal synergistic therapy. By harnessing the heat generated, the efficacy of co-administered therapeutic agents is augmented, stimulating a more robust attack on cancer cells. It has demonstrated that the synergy between the prodrug and the immune system leads to improved therapeutic outcomes (Xiao et al., 2021).
Analogously, in the fight against bacterial infections, the synergistic effect of combination therapy on ovarian cancer cells was investigated. Results indicated that the combination could significantly enhance cytotoxicity, underscoring the potential of multimodal therapy in treating this aggressive disease. Furthermore, the integration was found to effectively eradicate target cells, highlighting the importance of combining diverse therapeutic modalities to achieve optimal treatment results (Wang et al., 2022). More recently, a porous graphitic nanosheet (PGNS) synthesized via the metal-organic MOF method was introduced to bolster the synergistic therapeutic effect, including ferroptosis and starvation therapy. By reversing the hypoxic tumor microenvironment, the efficacy of these therapies is enhanced, demonstrating the potential of MOFs in multimodal cancer treatment.
In the broader context, the development of such versatile nanoplatforms signifies a transformative shift in the landscape of therapeutic interventions. By harnessing the unique properties of nanotechnology, researchers are able to create highly targeted and effective treatment strategies that can address complex medical challenges with greater precision and efficacy. As research continues to evolve, the potential applications of these nanoplatforms are likely to expand, further revolutionizing the field of medicine and improving patient outcomes.
2.3 Improving the efficacy of photosensitizers
The effectiveness of clinical treatment is profoundly impacted by the stability and bioaccumulation of core photosensitizers within the body. This is attributed to its effective shielding from in vivo degradation, prolonged circulation time in the bloodstream, and preferential accumulation in targeted blood vessels, facilitated by the enhanced permeability and retention effects. These PDNS can be designed with pH or redox sensitivity, enabling the release of encapsulated photosensitizers in response to specific target microenvironments. This approach not only enhances local concentration but also minimizes damage to normal tissues.
Stability is a crucial factor in this context. Amphiphilic phospholipid-based riboflavin derivatives have been developed for tumor-targeting PDNS, exhibiting improved stability and bioavailability. Enhancing stability is essential for maintaining the photosensitizing capacity of these molecules over extended periods, ensuring sustained therapeutic activity (Beztsinna et al., 2016). In parallel, nano-PROTACs have been utilized to degrade specific proteins, such as BRD4, amplifying DNA damage and underscoring the importance of molecular engineering in augmenting the therapeutic potential of photosensitizers, although this does not directly address photosensitizer stability. The concentration of photosensitizers directly correlates with their therapeutic effect (Zhao et al., 2023). Bioaccumulation is another pivotal factor influencing the effectiveness of PDNS. Enhancing the bioaccumulation of photosensitizers can be achieved through various strategies, including chemical modification, the application of nanotechnology, biomolecular templating, optimization of drug delivery routes, and the adjustment of physical and chemical properties. These approaches serve to elevate their concentration and efficacy within biological organisms, thereby fortifying their application potential. However, it is critical to balance such enhancements with the potential toxicities associated with increased concentrations. Separate studies have provided valuable insights into the complex interactions between nanomaterials and biological systems (Haghighat et al., 2021). These insights can inform strategies for optimizing photosensitizer concentrations in vivo, ensuring maximum therapeutic effect while minimizing toxicity (Resende et al., 2025).
Advanced analytical techniques, such as asymmetrical flow field-flow fractionation with on-line detection, enable the investigation of drug retention within liposomal PDNS and drug transfer kinetics. This understanding is essential for designing nanocarriers that can stabilize and effectively deliver photosensitizers to target sites (Hinna et al., 2016). Recently, a self-monitoring and self-delivery system for photosensitizer-doped PDNS has been introduced, achieving highly effective combination cancer therapy both in vitro and in vivo. This system demonstrates the potential of integrating advanced technologies to enhance the efficacy and safety of PDNS (Zhang et al., 2015).
2.4 Targeted precision therapy
Targeted precision therapy has emerged as a cornerstone in the advantage of PDNS, leveraging cutting-edge surface modification techniques, photo-control mechanisms, and seamless integration with imaging technologies. These advanced PDNS exhibit remarkable precision in targeting, substantially elevated therapeutic efficacy, and a significant reduction in collateral damage. It herald a new era of more effective and personalized cancer therapies within the precision medicine paradigm.
Firstly, surface modification techniques empower the specific recognition of cell surface markers, thereby facilitating highly precise treatment. Various strategies have been employed for the surface modification of PDNS, primarily involving the incorporation of molecules such as antibodies, peptides, and aptamers. It has exhibited efficacy in achieving substantially higher concentrations at target sites. For example, antibody-conjugated PDNS (e.g., HER2-targeted systems) show promise, clinical trials reveal limitations such as antigen heterogeneity and off-target binding in non-cancer tissues (Yan et al., 2024). Similarly, peptide-modified nanocarriers based on αvβ3 integrin have been successfully utilized in the precise treatment of melanoma (Hapuarachchige et al., 2014).
Furthermore, research has progressed to develop photo-controlled targeted PDNS. These innovative PDNS undergo conformational changes under light irradiation, enabling the selective release of photosensitizers and the precise elimination of target cells. This enhancement not only bolsters the safety profile of the treatment but also significantly augments its effectiveness. Recently, studies have reported the development of two-photon excited peptide PDNS for precise therapy. These PDNS leverage the unique properties of two-photon excitation to achieve deeper tissue penetration and further minimize collateral damage (Cao et al., 2021). Additionally, smart peptide-based supramolecular photodynamic metallo-PDNS, designed through multicomponent coordination self-assembly, have shown promising results in targeted therapy (Li et al., 2018). These PDNS offer enhanced stability and controlled release of photosensitizers, further refining therapeutic precision.
Moreover, advancements in imaging technologies have facilitated the development of PDNS that integrate NIR-II fluorescence imaging with oxygen self-sufficiency for precise enhanced photodynamic therapy. These platforms enable real-time monitoring of photosensitizer distribution and oxygen levels within tumors, thereby guiding the administration of photodynamic therapy for optimized therapeutic outcomes (Li et al., 2022b). Metal-free PDNS, consisting of water-soluble photosensitizers and adenosine triphosphate, have also been explored for efficient and precise therapy. These assemblies present a biocompatible and cost-effective alternative to metal-based PDNS, while maintaining high therapeutic efficacy (Li et al., 2021).
To sum up, the integration of advanced therapeutic systems of PDNS highlights numerous advantages, including the superior properties of nanocarriers that enhance the biological distribution and site enrichment of photosensitizers. Encapsulating these photosensitizers within nanocarriers protects it from degradation in vivo, prolongs its blood circulation time, and leverages enhanced permeability and retention effects to accumulate preferentially in target blood vessels. Furthermore, versatile nanoplatform, incorporating a diverse range of functionalities such as photosensitizers, prodrugs, fluorescent dyes, and magnetic resonance contrast agents, revolutionizes multimodal therapy by amplifying its synergistic benefits. Additionally, the stability and bioaccumulation of core photosensitizers within the body are crucial for clinical treatment effectiveness, attributed to their effective shielding from degradation, prolonged circulation, and targeted accumulation facilitated by enhanced permeability and retention. Finally, targeted precision therapy has become a cornerstone, utilizing cutting-edge surface modification techniques, photo-control mechanisms, and seamless integration with imaging technologies to maximize the advantages of PDNS.
3 APPLICATION OF PDNS
3.1 Application mechanisms in cancer treatment
The application of PDNS in cancer treatment has manifested remarkable progress, particularly through mechanisms like receptor-mediated endocytosis, self-assembly, responsive release, and precise targeting (Figure 3). Utilizing chemical modifications on its nanocarriers such as gold nanorods (GNRs), PDNS can selectively bind to receptors on the surface of tumor cells. This targeted binding facilitates the entry of PDNS into cancer cells via this mechanisms, significantly enhancing its efficiency and intracellular distribution (Tang et al., 2021). In practical applications, the integration of surface-enhanced raman spectroscopy (SERS) imaging technology provides a powerful method for the real-time visualization of the location and distribution of photosensitizers. This guarantees precise drug delivery to the target area, further optimizing treatment outcomes and minimizing off-target effects.
[image: Figure 3]FIGURE 3 | Application mechanisms in cancer treatment for PDNS.
In addition, self-assembly strategy is of great significance in the construction of efficient anti-cancer platforms. Through this technology, various therapeutic molecules can form stable nanostructures, which improve its drug stability, biocompatibility, and achieve synergistic therapeutic effects. For instance, a carrier-free nanomedicine formulation consisting of mTORC1/C2 dual inhibitor Torin1, photosensitizer Verteporfin, and Yes-related protein inhibitor has been developed (Liu et al., 2024a). This formulation not only enhances drug efficacy but also induces apoptotic cell death, anti-angiogenesis, and immunogenic cell death effects. Another example is the formation of non-metallic helical nanofibers through the co-assembly of cationic porphyrins and ATP, which exhibits potential due to its ease of availability, compatibility, simple preparation, and robust performance (Li et al., 2021). Through systemic blood circulation, the agents can enhance the photosensitizer delivery ability at tumor sites, achieving efficient cancer treatment.
Moreover, responsive release mechanisms are also crucial. A typical example is acidity responsive biodegradable iridium coordination (IPC) nanomedicine (Li et al., 2025). This drug has the ability to catalyze excessive hydrogen peroxide into oxygen within the tumor microenvironment, concurrently depleting glutathione levels in cancer cells. This dual action bolsters the effectiveness of PDNS and immunotherapy. Furthermore, the IPC nanomedicine can ameliorate tumor hypoxia, inducing more immunogenic cell death by intensifying the PDNS response, and thereby achieving synergistic inhibition of tumor growth. An additional example is GSH-responsive prodrug-based nanomedicine, which encapsulates a mitomycin C (MMC) prodrug and the photosensitizer Chlorine6 (Ce6) within its structure (Yu et al., 2022), accompanied by surface modifications with tumor-specific aptamers. Upon reaching the tumor site, the GSH response mechanism initiates drug release while simultaneously consuming glutathione within the tumor, resulting in a severe redox imbalance and augmenting the efficacy of Ce6-based photodynamic therapy (Shi et al., 2024).
Ultimately, realizing efficient and safe cancer treatment with precise targeting holds the key to achieving high efficacy and low toxicity. A quintessential example lies in aptamer-mediated nanomedicine. By selectively binding to specific receptors on the surface of tumor cells via aptamers, the PDNS can accomplish precise recognition and targeting of tumor cells. This strategy not only enhances the accumulation at the tumor site but also circumvents damage to normal tissues (Yan et al., 2024). Another illustrative example is TNBC-targeted nanomedicine (CPU) possessing self-promoting targeting properties. This drug elevates CD47 expression through chemotherapy, thereby accomplishing synergistic chemotherapy/photodynamic therapy. The experimental results demonstrate that CPU exhibits superior tumor targeting ability both in vitro and in vivo with dose-limiting hepatotoxicity, which can substantially amplify the effects of chemotherapy and photodynamic therapy while mitigating significant adverse reactions (Liu et al., 2024b).
3.2 Application in various non-oncological diseases
In addition to its extensive and well-established applications in the field of cancer treatment, the PDNS have also exhibited considerable promise in treating a diverse array of non-oncological diseases, including acne, psoriasis, dry eye disease, and cardiovascular disorders. Within dermatological applications, PDNS have demonstrated significant potential in the treatment of acne and psoriasis. Specifically, in the treatment of acne, a biocompatible nano-formulation that integrates methylene blue and salicylic acid has been found to effectively reduce acne lesions and decrease sebum production (Lee et al., 2023). Regarding psoriasis, Polydopamine/IR820 nanoparticles have emerged as a promising topical phototheranostic agent, capable of inhibiting psoriasiform lesions through a dual-modality approach combining photothermal and photodynamic therapies. These image-guided phototheranostic nanoparticles have exhibited significant potential for non-invasive topical administration in the treatment of psoriasis (Nirmal et al., 2022).
Similarly, in ophthalmic treatments, especially for fundus diseases like retinoblastoma, PDNS present broad and promising application prospects. To address this condition, researchers have devised a novel photodynamic nano-platform that integrates liposomes with indocyanine green (ICG), addressing several inherent challenges associated with ICG, such as its susceptibility to quenching, self-aggregation, and instability. This innovative approach not only encapsulates ICG within liposomes to prevent its clearance through systemic circulation, thereby ensuring its stability within the body, but also facilitates imaging-guided photothermal therapy (Liu et al., 2022). Furthermore, another example known as FA-DOX-ICG-PFP@Lip, has also been devised. This folate-receptor (FR)-targeted, laser-activatable liposome carries doxorubicin (DOX), ICG, and liquid perfluoropentane (PFP). It is specifically designed for photoacoustic/ultrasound dual-modal imaging-guided chemo/photothermal therapy of retinoblastoma. These multifunctional PDNS-based formulations exhibit superior tumor targeting ability and serve as highly effective dual-modality contrast agents, both in vivo and in vitro (Li et al., 2022a).
In the realm of cardiovascular diseases, PDNS also represent a promising therapeutic approach. Various photodynamic nanoparticulate delivery systems for berberine have been developed, including lipid-based, inorganic-based, and polymeric-based nanoparticles. These berberine nanocarriers significantly amplify its therapeutic efficacy and capabilities by prolonging its half-life, enhancing solubility, and facilitating superior permeation and targeted delivery. The employment of berberine-mediated photodynamic therapy via photodynamic nanotechnology stands as a highly encouraging strategy for addressing cardiovascular diseases (Marques et al., 2023). Another notable illustration is the formulation of Ce6-loaded liposomes prepared through the film dispersion technique, subsequently conjugated with CD68 antibody on the liposomal surface via a covalent crosslinking reaction, thereby yielding CD68-modified Ce6-loaded liposomes. It exhibits inhibitory effects on MOVAS migration and promote cholesterol efflux in foam cells. Consequently, the Ce6-loaded liposomes represent promising nanocarriers for photodynamic therapy in the context of atherosclerosis. Additionally, PDNS also have shown promising potential in combating bacterial infections. Antibiotic micelles combined with PDT were developed, where antibacterial efficacy was enhanced through ROS generation (Yang et al., 2023). A glucose-responsive nanodrug system for diabetic wounds was designed, in which endogenous glucose was utilized to improve ROS-mediated killing of resistant bacteria (Zhang et al., 2024). In both approaches, PDNS are employed to address infections, particularly in cases involving antibiotic resistance and chronic wounds. Concisely, beyond its well-established application in cancer treatment, PDNS have shown great promise in treating various non-oncological diseases. The incorporation of photodynamic nanotechnology of PDNS enables more precise and targeted drug delivery, enhancing therapeutic efficacy across these disease areas and highlighting the transformative potential in medical therapy (Zou et al., 2023).
3.3 Combined application with immunotherapy
PDNS have emerged as potent allies in the field of cancer immunotherapy, exhibiting several notable advantages. By harnessing the immune system’s innate ability to identify, attack, and eliminate cancer cells, immunotherapy holds great promise. However, traditional immunotherapy faces challenges such as limited response rates and adverse effects, impeding its broader application (Yu et al., 2023). PDNS, with its immunostimulatory properties, have the potential to overcome these limitations and revolutionize cancer treatment (Guo et al., 2022).
One innovative approach involves the use of integrated photodynamic nanoplatform, termed HN-HFPA, which has demonstrated positive efficacy in boosting the anti-tumor immunity of TNBC. This integrated platform reeducates tumor-associated macrophages by interfering with arginine metabolism. Specifically, L-arginine loaded within the nanoplatform’s hollow cavity is utilized to produce nitric oxide, which is crucial for tumor therapy and the induction of immunogenic cell death. Simultaneously, the surface of the nanoplatform is coated with L-norvaline-modified hyaluronic acid, which suppresses Arg-1 of M2 TAMs, skewing the arginine metabolism balance, reversing TAM polarization, and amplifying the antitumor immune response (Chen et al., 2024).
Furthermore, a pH/enzyme dual-sensitive polymeric micelle PDNS has been designed for synergistic tumor immuno-photodynamic therapy. It incorporates a photosensitizer and PD-L1 antibody, and is equipped with a sheddable PEG coating for codelivery. In the tumor microenvironment, it sequentially triggers PEG shedding and PD-L1 antibody release, facilitating local immune checkpoint blockade (ICB). Light irradiation enhances tumor cell immunogenic death, promotes CD8+ T cell recruitment, and reduces immune-related adverse events (IRAEs).
Another example is the PolyMN-TO-8, constructed through self-assembly of MTX-MPEG2000, NPX-2S, and TO-8. It exhibits excellent stability and responsiveness to carboxylesterase and glutathione. Upon laser triggering, it induces pyroptosis-mediated immunogenic cell death, enhancing dendritic cell maturation and accelerating CD8+ T cell infiltration into tumors. This eliminates immune escape and achieves a high tumor inhibition rate, further underscoring its potential as a powerful therapeutic agent in cancer immunotherapy (Wang et al., 2023b).
In short, PDNS offer a promising new approach when combined with immunotherapy. Its advanced design and unique properties enable precise, noninvasive tumor therapy with enhanced therapeutic effects and reduced side effects. This innovative strategy highlights the potential for developing next-generation smart nanomedicines that can significantly improve cancer treatment outcomes.
3.4 Application in personalized medicine
Personalized medicine, a revolutionary and rapidly advancing field in modern healthcare, lies at the heart of tailoring medical treatments to the unique characteristics of each patient. It takes into account a multitude of factors such as genomic sequences, disease type and stage, and physiological function to develop customized treatment plans that are more effective and have fewer side effects. PDNS have emerged as a key component within the realm of personalized medicine, garnering significant attention due to its exceptional potential in enabling highly personalized therapy. By precisely designing and optimizing these PDNS to target specific disease types, genetic markers, and physiological conditions, it align seamlessly with the principles of personalized medicine. This approach not only maximizes treatment efficacy but also minimizes side effects and enhances the overall safety, all of which are crucial aspects in personalized medicine.
A novel NIR-activated hybrid nanodrug, UCNPs-F127@Cur, has been developed, leveraging upconversion nanoparticles, Pluronic F127, and curcumin. It effectively promotes GSC apoptosis, enhances intracellular reactive oxygen species production, and inhibits GSC pluripotency gene expression, suppressing tumor growth in vivo under 980 nm light. Transcriptome analysis reveals its mechanism involves cell cycle arrest and GSC differentiation by blocking Wnt-β-catenin and Jak-Stat pathways. Despite promising preclinical results (e.g., UCNPs-F127@Cur), clinical translation is hindered by batch variability in nanodrug synthesis and limited patient stratification tools (Jing et al., 2024).
An example integrates bimetallic gold - silver hollow nanoshells with remarkable NIR absorption, the tyrosine kinase inhibitor pyrotinib, and herceptin. It embodies a personalized medicine strategy by providing multiple targeted therapeutic effects, such as chemotherapy, photothermal therapy, oxidative stress induction, and immune response activation. This multimodal treatment also boosts the upregulation of genes in TNF and NF - κB signaling pathways, enhancing immune activation and immunogenic cell death. In vivo experiments verify a significant shrinkage of tumor volume after treatment, proving the potential effectiveness and personalized treatment value of these nanocarriers (Zhao et al., 2024b). When combined with computed tomography imaging, a strong correlation is observed between EGFR-TKI therapy response and probe labeling. These findings demonstrate that HX103-based FACS provides highly predictive performance for EGFR-TKI response. It offering the potential to stratify NSCLC patients for EGFR-TKI treatment based on individual genetic profiles. The EGFR-TKI-based probe, HX103, therefore, holds promise for use in precision medicine trials, aiming to tailor treatments to patient-specific needs (Deng et al., 2022). It is suggested that novel NIR-activated PDNS and multicolor FACS techniques utilizing specific probes show promise in personalized medicine for GBM and NSCLC treatment, tailored to individual patients’ genetic profiles (Figure 4).
[image: Figure 4]FIGURE 4 | Application in personalized medicine for PDNS.
Despite the promising efficacy demonstrated by PDNS, several clinical limitations are encountered. First, the tissue penetration of light is restricted, which limits treatment depth, where near-infrared activatable agents were suggested to improve efficacy (Cheah et al., 2018). Second, challenges related to stability and controlled drug release in vivo are faced by carrier-free nanodrugs (Lin et al., 2024). Additionally, off-target effects and complex synthesis issues are associated with dual-targeting nanomaterials (Zhang et al., 2023). Potential systemic toxicity is introduced when immunotherapy is integrated (Liu et al., 2024a), while the difficulty in achieving synergistic effects without exacerbating side effects was underscored. These issues collectively hinder clinical translation, necessitating further optimization of PDNS design and delivery strategies.
4 CURRENT CHALLENGES AND FUTURE PROSPECTS
As an emerging treatment method that combines the advantages of photodynamic therapy and nanotechnology, PDNS have demonstrated significant advantages in enhancing therapeutic outcomes while reducing systemic toxicity; however, the translational efficacy of these systems varies widely depending on the choice of photosensitizer and nanocarrier. For instance, while liposomal nanocarriers improve drug stability and targeting via the EPR effect, their rapid clearance by the reticuloendothelial system limits their clinical utility compared to exosome-based systems, which exhibit superior biocompatibility and prolonged circulation. Similarly, porphyrin-based photosensitizers dominate clinical use due to their strong ROS generation, yet their poor tissue penetration contrasts with emerging near-infrared (NIR) agents like indocyanine green (ICG), which enable deeper tumor targeting. These trade-offs highlight critical gaps in optimizing PDNS for specific clinical scenarios. So, there are still some challenges in the efficient design, and precise delivery and release of nanocarriers. This section will analyze these challenges and explore possible future research and development strategies.
4.1 Design of efficient photosensitizer
The design and development of efficient photosensitizers harbor immense potential in clinical applications. To circumvent the limitations of classical photosensitizers, researchers are actively pursuing innovative approaches that fuse nanotechnology, material science, and herbal medicine (Bilia et al., 2025). This interdisciplinary strategy aims to surmount challenges associated with tissue penetration depth, light utilization efficiency, and biocompatibility, ultimately enhancing both efficacy and safety of clinical application.
Among which advancements in nanotechnology and material science have catalyzed the exploration of novel photosensitizers. Formulations under investigation include carbon dots, upconversion nanoparticles, plasmonic nanomaterials, organic small molecules exhibiting near-infrared absorption properties, and MOFs. These novel photosensitizers offer numerous advantages, such as broadened absorption spectra, enhanced photostability, and facilitated deep tissue penetration. By fine-tuning particle size and surface modification, researchers can customize these photosensitizers to meet specific therapeutic needs. Furthermore, the incorporation of herbal medicine into photosensitizer design presents a promising avenue (Zhao et al., 2024c). Many herbal compounds exhibit significant potentials due to their superior biocompatibility, reduced toxicity, and multi-target synergies. Key compounds such as curcumin, hypericin, and berberine demonstrate intrinsic photodynamic activity, with structural modifications (e.g., glycosylation of anthraquinones) further enhancing efficacy (Sulaiman et al., 2022). Their alignment with traditional medicine frameworks may facilitate regulatory approval, given their established safety profiles. Additionally, these herbal compounds possess near-infrared absorption properties, making them suitable for deep-tissue applications and wound healing (Zhao et al., 2024a). Investigative efforts should be directed toward the rational design of herbal-derived photosensitizers, including glycosylated hypericin derivatives that demonstrate enhanced penetration in preclinical models, as well as curcumin analogs with improved bioavailability, to capitalize on their multi-target synergies and regulatory advantages, while concurrently optimizing formulations, refining light activation protocols, and expanding clinical validation to maximize their therapeutic and industrial applications.
Essentially, the design of efficient photosensitizers constitutes a pivotal area of research. By embracing an interdisciplinary approach that amalgamates nanotechnology, material science, and herbal medicine, researchers can overcome current limitations and develop next-generation photosensitizers with superior properties. Future research endeavors should concentrate on validating these novel photosensitizers in preclinical models. Future strategies should focus on molecular engineering to enhance ROS quantum yields. For example, covalent conjugation of IR780 with cyclodextrin improves solubility without compromising photostability. Additionally, TCM-derived photosensitizers show synergistic effects (Liang et al., 2022) but require rigorous pharmacokinetic validation (Sun et al., 2025).
4.2 Precise delivery and release of nanocarriers
The precise delivery and release of nanocarriers also play a key role, as it not only safeguards its photosensitizers from degradation but also facilitates targeted drug delivery (Liang et al., 2025). However, some existing nanocarriers exhibit poor stability in vivo and are readily captured by the reticuloendothelial system, resulting in ineffective drug delivery. Additionally, the release mechanism of these nanocarriers is relatively limited, hindering on-demand release and subsequently impacting the therapeutic effect and/or toxicity. To address these issues, researchers are exploring intelligent precise delivery and release of nanocarriers, such as pH-sensitive, redox-sensitive, or enzyme-sensitive nanomaterials. Beyond pH/redox sensitivity, dual-responsive systems (e.g., MMP-9/enzyme-triggered release) and surface topology optimization can enhance tumor-specific accumulation. Clinical adoption requires addressing scalability of stimuli-responsive materials and validating safety in large-animal models. Recently, multifunctional nanocarriers have been devised to overcome these limitations by integrating numerous stimuli-responsive mechanisms into a singular platform. These systems can respond to the characteristics including an acidic extracellular pH, elevated GSH levels, and overexpressed specific enzymes, thereby augmenting the specificity and efficiency. A dual-responsive nanocarriers that combine pH sensitivity with redox responsiveness have demonstrated potential in overcoming the hurdles associated with intracellular delivery.
Furthermore, researchers are investigating the incorporation of external stimuli-responsive factors, such as NIR light or ultrasound, into nanocarrier designs. These external triggers provide spatiotemporal control, enabling precise targeting, even in deep tissues. The combination of internal and external stimuli responsiveness further enhances the adaptability of precise delivery and release of nanocarriers to complex physiological conditions. Additionally, surface modifications with targeting ligands, such as antibodies, peptides, or aptamers, can enhance the selectivity, reducing off-target effects and improving safety profiles. Future research should concentrate on developing robust precise delivery and release of nanocarriers platforms that integrate multiple functions while maintaining high therapeutic efficacy and low toxicity. Moreover, comprehensive in vivo evaluations and translational studies are also imperative to bridge the gap between laboratory research and clinical applications.
5 CONCLUSION
PDNS, as an emerging therapeutic approach, has made significant advancements in both basic research and clinical applications in recent years. This class of drugs consists of photosensitizers and nanocarriers, each playing a crucial role. PDNS have emerged as a transformative therapeutic modality, elegantly merging photosensitizers with nanocarriers to address traditional challenges. This integration not only bolsters phototherapeutic efficacy but also introduces remarkable advantages in targeted precision therapy for a broad spectrum of diseases, encompassing both oncological and non-oncological conditions. The present manuscript delves into the composition, mechanisms of action, advantages, applications, and future perspectives of PDNS. It underscores how PDNS seamlessly integrate photosensitizers with its corresponding nanocarriers to elevate phototherapeutic efficacy, achieve precise targeting of diseased cells, minimize damage to healthy tissues, and transcend limitations associated with poor stability and restricted tissue penetration. Furthermore, the manuscript explores the advantages of PDNS in cancer treatment through mechanisms like receptor-mediated endocytosis, self-assembly, responsive release, and precise targeting, its application in non-oncological disorders including acne, psoriasis, dry eye disease, and cardiovascular disorders, its synergistic integration with immunotherapy, and its pivotal role in personalized medicine due to its exceptional potential in enabling highly personalized therapy.
It suggests that the PDNS represent a groundbreaking advancement in therapeutic technology, merging the capabilities of photosensitizers and nanocarriers. The strong selectivity and minimal side effects make it ideal for targeted precision therapy across various diseases, including cancer and non-oncological conditions like acne and cardiovascular diseases. The nanocarriers have revolutionized cancer treatment. It overcome classical photosensitizers’ limitations, enhancing efficacy and safety via targeted delivery and synergistic therapy, thus offering hope for personalized clinics. By harnessing the immune system’s innate ability to identify, attack, and eliminate cancer cells, immunotherapy holds great promise. PDNS have emerged as a component within the realm of personalized medicine, garnering significant attention due to its potential in enabling highly personalized therapy. By precisely designing and optimizing these PDNS to target specific disease types, genetic markers, and physiological conditions, it align seamlessly with the principles of personalized medicine. However, despite the above promising developments, challenges persist in designing more efficient photosensitizers, and ensuring precise delivery and release of nanocarriers. Addressing these issues will be crucial for fully realizing the transformative potential of PDNS in future.
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