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Melanoma is a highly malignant form of skin cancer, with its incidence and mortality rates continuously rising on a global scale. Although traditional treatments such as surgery, chemotherapy, radiotherapy, as well as targeted and immunotherapy, have made certain progress, the efficacy of these therapeutic modalities remains limited due to the high metastatic potential, heterogeneity, and drug resistance of melanoma. In recent years, nanomaterials, with their unique physicochemical properties, have emerged as a significant research focus in tumor therapy. Nanomaterials can enhance the targeted delivery of drugs, increase drug accumulation in tumors, and reduce side effects, and they have shown great potential in the synergistic treatment of melanoma. This review summarizes the mechanistic breakthroughs of nanomaterials in the synergistic treatment of melanoma, including the combined application of nanocarriers in photothermal therapy, photodynamic therapy, and immunotherapy. It also explores how precise drug delivery can improve therapeutic efficacy and overcome tumor immune evasion and drug resistance. Furthermore, the challenges faced in the clinical translation of nanomaterial-based synergistic treatment are discussed, such as biosafety, delivery efficiency, and the need for personalized treatment. Despite these challenges, the continuous development of nanotechnology offers new hope for the comprehensive treatment of melanoma and lays the foundation for the realization of precision medicine in the future.
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1 INTRODUCTION
Melanoma is a highly malignant form of skin cancer, with its incidence and mortality rates continuously increasing worldwide (Beberok et al., 2020; Möller et al., 2020; Lopes et al., 2022b; Zhu et al., 2022). In 2022, there were approximately 330,000 newly diagnosed cases of melanoma globally, resulting in around 58,000 deaths. The incidence is predominantly concentrated in regions with predominantly Caucasian populations, such as Australia, North America, and Europe, while it remains relatively lower in Asia and Africa (Wang et al., 2025). It is projected that over the next 20 years, the global incidence and mortality rates of melanoma will increase by 70%–80%, respectively (Lopes et al., 2022b). Owing to the highly metastatic and heterogeneous nature of melanoma, conventional therapeutic modalities, such as surgery, chemotherapy, and radiotherapy, have demonstrated limited efficacy in controlling advanced disease, and are often associated with severe toxic side effects and drug resistance issues (Czarnecka A. M. et al., 2020; Jaune et al., 2021; Chen et al., 2022; Cunha et al., 2022). Although targeted therapy and immune checkpoint inhibitors have significantly improved the survival of patients with advanced melanoma in recent years, the majority of patients ultimately face drug tolerance and severe adverse reactions, resulting in suboptimal long-term therapeutic outcomes (Cunha et al., 2022; Lopes et al., 2022b; Zheng et al., 2022). Therefore, there is an urgent need to explore novel therapeutic strategies, such as nanomaterial-based synergistic treatments, to address these challenges (Lopes et al., 2022b; Sekar et al., 2023).
Nanomaterials are generally defined as materials with at least one dimension in the nanoscale range (approximately 1–100 nm), and their unique size and high surface area-to-volume ratio endow them with significantly different physical, chemical, and biological properties compared to bulk materials (Cheng et al., 2022; Allami et al., 2023; Sell et al., 2023). These characteristics confer nanomaterials with distinct advantages in tumor therapy, including enhanced tumor permeability and drug accumulation effects (such as the enhanced permeability and retention (EPR) effect), high drug-loading capacity, and controllable targeting delivery properties (Giri et al., 2023; Kida et al., 2023; Sell et al., 2023). In the treatment of melanoma, nanomaterials can effectively deliver therapeutic agents precisely to the lesion site, reducing systemic toxicity and significantly improving therapeutic efficacy (Mazloum-Ravasan et al., 2022; Shah et al., 2022; Yu et al., 2023). Most importantly, nanomaterials can integrate multiple therapeutic modalities simultaneously (Kostiv et al., 2020; Chen et al., 2022; Gollavelli et al., 2022), such as the synergistic strategy combining photothermal therapy with immunotherapy, which has demonstrated a significant advantage in effectively inhibiting tumor growth and metastasis in animal experiments (Xue et al., 2022; Lu et al., 2023).
Chemotherapeutic-photothermal synergistic therapy based on nanocarriers has also shown synergistically enhanced antitumor efficacy, far exceeding the therapeutic outcomes of monotherapy (Lu et al., 2023; Peltek et al., 2023). This dual-modality approach addresses some of the most important drawbacks of traditional cancer treatments by utilizing the special qualities of nanocarriers to enhance tumor targeting, decrease systemic toxicity, and improve drug delivery (Zheng et al., 2020; Tang L. et al., 2021). Combining photothermal therapy (PTT) and chemotherapy on a single nanoplatform enables precise control over drug release and localized heat generation, which can enhance the therapeutic effect in concert (Li et al., 2018; Bi et al., 2024). When exposed to near-infrared (NIR) radiation, gold-based nanoparticles, like Her2-DOX-SPIOs@PLGA@Au NPs, can produce heat and deliver chemotherapeutic agents like doxorubicin (DOX), which can cause immunogenic cell death (ICD) and tumor microenvironment remodeling (Chen et al., 2023). This approach not only enhances the accessibility of therapeutic agents to tumor cells but also activates immune responses, further contributing to tumor eradication (Shan et al., 2021).
Stimulus-responsive components, like pH-sensitive or photothermal-responsive materials, are frequently incorporated into the creative design of these nanocarriers to allow for controlled drug release in the tumor microenvironment. Camptothecin (CPT) nanorods coated with polydopamine (PDA) (CNR@PDA-CM) have shown improved tumor accumulation and circulation stability, attaining a nearly 5-fold increase in tumor accumulation and a 73-fold longer terminal half-life in comparison to free CPT (Wang Q. et al., 2021). In metastatic breast cancer models, PDA’s photothermal effect not only speeds up CPT release but also enhances drug permeability inside the tumor, producing strong and complementary therapeutic results (Liu et al., 2024). Mitoxantrone (MTO)-based multifunctional nanomicelles have been created to combine mild PTT with chemotherapy. The heat produced increases DNA damage and inhibits heat shock protein 70 (HSP70), which lowers tumor thermoresistance and increases treatment effectiveness (Zhu et al., 2019).
The ability of chemotherapeutic-photothermal synergistic therapy to overcome drug resistance, a significant obstacle in the treatment of cancer, is one of its main benefits. It has been demonstrated that PTT and low-dose chemotherapy increase the immunogenicity of tumor cells, resulting in elevated expression of calreticulin (CRT) and heat shock proteins (HSP70), which facilitate immune recognition and activation (Bruno et al., 2017). A multifaceted strategy for tumor eradication is created by this immunomodulatory effect in addition to the direct cytotoxic effects of chemotherapy and hyperthermia. Significant tumor growth inhibition and immune activation have been shown when Her2-targeted nanoparticles are used in Her2-positive breast cancer models, underscoring the strategy’s potential to overcome resistance mechanisms (Steinbrueck et al., 2020). These nanocarriers’ incorporation of imaging technologies, such as photoacoustic (PA) and magnetic resonance imaging (MRI), enables accurate localization of therapeutic agents and real-time tumor response monitoring. In addition to improving treatment accuracy, this theranostic approach offers important insights into the dynamics of immune activation and tumor microenvironment remodeling (Zhang et al., 2024). Successful validation of Her2-DOX-SPIOs@PLGA@Au NPs for PA/MRI dual-modal imaging shows their potential as both therapeutic and diagnostic agents (Kato et al., 2024).
Innovation in this field is further demonstrated by the creation of carrier-free co-delivery systems, such as DiR nanoassemblies and gambogic acid (GA). By doing away with the need for conventional carriers, these systems lower the risk of toxicity and increase the effectiveness of drug loading. It has been demonstrated that the precise co-administration of the heat shock protein 90 (HSP90) inhibitor GA and the photothermal photosensitizer DiR increases the effectiveness of PTT by making tumor cells more sensitive to hyperthermia and causing a notable tumor regression in preclinical models (Phour et al., 2022). Self-delivery systems for chemotherapeutic medications and photosensitizers, like podophyllotoxin (PPT) and pyropheophorbide a (PPa), which have synergistic antitumor effects and enhanced tumor accumulation, have been developed using computer-aided design techniques (Courneya et al., 2025). A very promising approach to treating cancer is chemotherapeutic-photothermal synergistic therapy based on nanocarriers, which offers improved antitumor efficacy, decreased systemic toxicity, and the capacity to overcome drug resistance. The development of carrier-free and stimuli-responsive systems further improves the accuracy and efficacy of this therapy, while the combination of chemotherapy, PTT, and imaging capabilities within a single nanoplatform offers a comprehensive approach to tumor eradication. In order to improve outcomes for cancer patients, future research should concentrate on refining the design of these nanocarriers, investigating their potential in conjunction with other therapeutic modalities, and advancing their clinical translation (Smith et al., 2024; Hoeppner et al., 2025). This review will provide a detailed account of the current bottlenecks in melanoma treatment and how nanomaterials can achieve synergistic therapeutic effects at the molecular and cellular levels through combined treatment strategies, resulting in a novel therapeutic outcome.
2 LIMITATIONS OF TRADITIONAL THERAPEUTIC MODALITIES
2.1 Chemotherapy and radiotherapy
Melanoma exhibits poor responsiveness to conventional chemotherapy and radiotherapy, with limited therapeutic efficacy (Tang K. et al., 2021; Natarelli et al., 2024). The response rate to monotherapy with classic chemotherapeutic agents, such as dacarbazine, is below 10%, and it fails to significantly prolong patient survival (Mundra et al., 2015). Chemotherapeutic drugs lack tumor selectivity, and their nonspecific cytotoxicity to normal tissues results in severe adverse effects, including fatigue, nausea, and alopecia (Cunha et al., 2022; Natarelli et al., 2024). Given the suboptimal efficacy and significant toxic side effects, the role of chemotherapy and radiotherapy in melanoma treatment has gradually been supplanted by targeted therapy and immunotherapy, being reserved as adjunctive therapies in advanced disease or when other modalities fail (Boer et al., 2019; Takahashi and Nagasawa, 2020; Natarelli et al., 2024). Radiotherapy can be used for local control; however, it is ineffective in achieving a cure for advanced metastatic melanoma (Takahashi and Nagasawa, 2020; Natarelli et al., 2024).
The complicated biology of melanoma and the difficulties in attaining successful therapeutic results are reflected in the various limitations of chemotherapy and radiation therapy in the treatment of the disease. Because melanoma is notoriously resistant to traditional treatments, especially when it is advanced, alternative therapeutic approaches have had to be investigated (Aninditha et al., 2019). Because of the tumor’s inherent resistance mechanisms and the high mutational burden that propels its progression, chemotherapy, which has historically been used to treat a variety of cancers, has demonstrated limited efficacy in melanoma (Wu et al., 2023). Although chemotherapy drugs like dacarbazine have been used, their usefulness in clinical practice is limited by their low response rates and frequent severe toxicity (Hendrickx et al., 2020). Despite its effectiveness in managing localized disease, radiotherapy encounters difficulties in treating melanoma because of the tumor’s relative radioresistance. Because melanoma cells have a high capacity for DNA repair, photon-based radiation therapy is less effective (Cho et al., 2018).
The requirement for high doses to control tumors adds to radiotherapy’s limitations by raising the possibility of harming nearby healthy tissues (Khan et al., 2018). In cases of brain metastases, where the sensitive neural tissue is extremely vulnerable to radiation-induced toxicity, this is especially problematic (Verduin et al., 2017). The availability of specialized facilities and the high cost of treatment limit the widespread use of heavy ion therapy, which has demonstrated promise in overcoming radioresistance due to its higher relative biological effectiveness (RBE) with carbon (C12) and oxygen (O16) ions (Smart et al., 2024). To improve the effectiveness of treatment, the combination of radiation and systemic therapies, like immunotherapy, has also been investigated. The order and timing of these treatments are still up for debate, though, as some research indicates that immune checkpoint inhibitors (ICIs) and previous radiation therapy may not substantially enhance results (Teterycz et al., 2020). The incapacity of chemotherapy to address the heterogeneity of melanoma, which frequently results in the development of drug resistance, is another example of its limitations. This resistance is greatly influenced by the tumor microenvironment (TME), which can encourage tumor survival and immune evasion (Saiag et al., 2022). The integration of these therapies is made more difficult by the possibility of immune escape due to the upregulation of programmed death-ligand 1 (PD-L1) in melanoma cells after radiation therapy (Knispel et al., 2020). Myelosuppression and gastrointestinal side effects are among the systemic toxicity of chemotherapy that frequently require dose reductions or treatment discontinuation, which can jeopardize therapeutic results (Long et al., 2023).
When it comes to mucosal melanoma (MM), a rare and aggressive subtype of melanoma that develops in mucosal membranes, the limitations of both chemotherapy and radiation therapy are especially noticeable. Compared to cutaneous melanoma, MM exhibits lower mutation rates, which could explain why it responds less well to systemic treatments (Department of Error, 2023). The overall effectiveness of radiotherapy is limited by the high rates of distant metastasis and the absence of standardized treatment protocols, even though it has been used to achieve local control in MS (Welch et al., 2021). There have been conflicting findings regarding the combination of radiotherapy and immunotherapy in MM; some studies have found no discernible benefit, while others have reported improved progression-free survival (PFS) when radiotherapy is coupled with anti-PD-1 therapy (Grover et al., 2025).
The intrinsic resistance mechanisms of the tumor, the difficulties in achieving efficient local and systemic control, and the high toxicity of these treatments are the main reasons why chemotherapy and radiation therapy are not always effective in treating melanoma. Although new treatment options have been made possible by developments in immunotherapy and targeted therapies, integrating these modalities with traditional therapies is still difficult and needs more research. Future studies should concentrate on finding biomarkers to forecast how well a treatment will work, streamlining the sequencing and combination of treatments, and creating innovative approaches to get past melanoma resistance mechanisms.
2.2 Targeted therapy
Targeted therapies directed against the BRAF/MEK pathway can achieve significant initial responses in patients harboring specific mutations, but the therapeutic effects are often not durable (Mundra et al., 2015). The majority of patients develop resistance within 6–7 months, leading to disease progression (Mundra et al., 2015). Additionally, the tolerability and cutaneous toxicities associated with targeted agents limit their long-term monotherapy use (Mundra et al., 2015). Therefore, even with the emergence of new targeted agents against additional mutation targets, monotherapy with targeted drugs typically needs to be combined with other therapeutic modalities to delay the onset of resistance (Natarelli et al., 2024).
2.3 Immunotherapy
Immunotherapy, particularly immune checkpoint inhibitors (such as anti-PD-1 and anti-CTLA-4 antibodies), has brought revolutionary advancements in the treatment of advanced melanoma, achieving durable remission in a considerable proportion of patients. However, approximately 40%–60% of patients remain unresponsive to immunotherapy or develop secondary resistance (Natarelli et al., 2024). Immunotherapy significantly enhances the immune system’s ability to attack tumor cells, thereby exerting substantial selective pressure. This can lead to tumor resistance or immune evasion, as tumors may downregulate antigen expression or recruit immunosuppressive cells to escape immune clearance (Asher et al., 2019; Huang and Zappasodi, 2022; Lim et al., 2023). Consequently, some patients experience disease recurrence after initial response, or exhibit primary non-responsiveness to immunotherapy, posing a significant clinical challenge (Lim et al., 2023). Additionally, immunotherapy itself may induce immune-related adverse events (such as autoimmune inflammation), necessitating a careful balance between therapeutic efficacy and safety (Asher et al., 2019; Izawa et al., 2022).
3 BIOLOGICAL CHARACTERISTICS OF MELANOMA
3.1 High metastatic potential and proneness to recurrence
Melanoma is a highly aggressive cutaneous malignancy with a strong propensity for metastasis, and patients with advanced disease have a particularly poor prognosis (Marie et al., 2020; Natarelli et al., 2024). The 5-year survival rate for patients with metastatic melanoma is less than 15% (Mundra et al., 2015). Surgical resection is only effective for early-stage, localized lesions; however, once the disease progresses to stage III/IV and metastasis occurs, conventional therapeutic approaches often fail to completely eradicate the tumor foci, thereby increasing the likelihood of recurrence (Natarelli et al., 2024). Melanoma cells are capable of surviving under therapeutic pressure and entering a dormant state, which can lead to the reinitiation of proliferation and subsequent tumor relapse. Resistance to traditional chemotherapy further complicates the management of recurrent disease (Špaková et al., 2021; Natarelli et al., 2024). Studies have demonstrated that chemoresistance can drive disease progression and recurrence (Palušová et al., 2020; Natarelli et al., 2024), which is a significant cause of repeated treatment failures in melanoma therapy.
A complex interaction of genetic, molecular, and microenvironmental factors affects how melanoma spreads. About 20% of malignant melanomas spread, frequently by lymphatic or hematogenous pathways, and extramammary metastases, especially from melanoma (29.8%), frequently occur in the breast (El-Tani et al., 2016). Histopathological examination and immunohistochemistry are necessary for a conclusive diagnosis of metastatic melanoma because of its varied radiographic presentations, which can resemble benign lesions or primary mammary adenocarcinoma (El-Tani et al., 2016). While no single immunohistochemical marker is completely specific or sensitive, S-100, Melan-A, HMB-45, and tyrosinase are essential for differentiating melanoma from other cancers (El-Tani et al., 2016).
Melanoma’s molecular landscape is marked by considerable heterogeneity, including loss of tumor suppressors like PTEN and CDKN2A, mutations in important oncogenes like BRAF, NRAS, and KIT, and other changes that promote tumor growth and metastasis (Kreuger et al., 2023). ARHGAP35 is a novel driver gene linked to immune suppression and metastasis in melanoma, according to recent research. Mutations in ARHGAP35 are associated with a poor prognosis and decreased adaptive immune responses, especially in naïve CD4+ T cells and myeloid dendritic cells, which are essential for antitumor immunity (Li et al., 2022). This discovery emphasizes how genetic changes influence the tumor microenvironment and promote the spread of metastases. Treatment plans are further complicated by the fact that MDM2 and MDM4 amplifications, which dysregulate the TP53 pathway, have been linked to increased rates of liver and brain metastases (Kreuger et al., 2023).
Melanoma’s propensity to recur even after surgical resection is another indication of its high potential for metastasis. A subset of patients with thin melanomas (Breslow thickness ≤1 mm) have a significantly higher risk of metastasis and recurrence, underscoring the need for accurate prognostic markers (Richetta et al., 2018). Elevated mitotic rate (MR) in non-ulcerated thin melanomas is associated with higher sentinel lymph node positivity and recurrence rates, making it a significant prognostic factor (Ly et al., 2023). To identify patients at a higher risk of disease progression, these findings imply that MR should be taken into account when staging and managing early-stage melanoma (Ly et al., 2023).
Key signaling pathways that support cell proliferation, survival, and angiogenesis, like MAPK and PI3K/AKT, are frequently activated in the development of metastatic melanoma (Kreuger et al., 2023). In patients with BRAF-mutant melanoma, targeted therapies such as BRAF and MEK inhibitors have demonstrated effectiveness in blocking these pathways and enhancing progression-free survival (Kudchadkar et al., 2020). The investigation of combination therapies and immune-modulating agents is necessary, though, because resistance to targeted therapies continues to be a major obstacle. Anti-PD-1 and anti-CTLA-4 antibodies are examples of immune checkpoint inhibitors that have transformed the treatment of metastatic melanoma by boosting antitumor immune responses. In patients with advanced melanoma, ipilimumab has been shown to provide a 20% reduction in recurrence risk and a sustained overall survival (El-Tani et al., 2016). Patients with low metastasis scores (MET scores) have demonstrated promise with anti-PD-1 therapy, indicating that it may be used as an adjuvant treatment to prevent metastasis (Shen et al., 2023).
The development and recurrence of melanoma are significantly influenced by the TME. An immunosuppressive TME with increased regulatory T cell infiltration and decreased CD8+ T cell activity is a hallmark of metastatic melanoma and is associated with a worse prognosis (Shen et al., 2023). TME-modulating techniques, like immune vaccines that target melanoma-specific antigens (like MART1/Melan-A, gp100, and tyrosinase), have demonstrated promise in boosting cytotoxic T cell responses and enhancing survival in patients who respond (El-Tani et al., 2016). A complex interaction between genetic mutations, signaling pathway activation, and immune microenvironment modulation drives melanoma’s high metastatic potential and propensity for recurrence. There are still issues like treatment resistance and the requirement for accurate prognostic indicators. To enhance the prognosis of patients with metastatic and recurrent melanoma, future studies should concentrate on finding new biomarkers, creating combination treatments, and refining immune-modulating techniques.
3.2 Immunosuppressive tumor microenvironment
A complex ecosystem, the immunosuppressive TME in melanoma is defined by the interaction of different immune cell populations, cytokines, and immune checkpoint molecules, all of which work together to promote tumor growth and immunotherapy resistance (Anagnostou et al., 2020; Zhang et al., 2022). Immune checkpoint molecules like PD-1, CTLA-4, LAG-3, and TIM-3 are essential to this immunosuppressive environment. They are overexpressed in melanoma and prevent T cell activation, which makes immune evasion easier (Schmitt et al., 2021; Bogéa et al., 2022). Although their blockade has demonstrated clinical efficacy in treating melanoma, the suppression of T cell-mediated anti-tumor responses is largely dependent on PD-1 and its ligand PD-L1, which have limited response rates because of intrinsic and acquired resistance mechanisms (Kakizaki et al., 2015; Jorge et al., 2020). Targeting LAG-3 and TIM-3 to increase the effectiveness of immune checkpoint blockade is being investigated. These co-inhibitory receptors have been shown to work in concert with PD-1 to suppress T cell function (Chen et al., 2017; Deng et al., 2021). By encouraging the differentiation of regulatory T cells (Tregs) and preventing the activity of cytotoxic T lymphocytes (CTLs) and dendritic cells (DCs), cytokines like IL-10, TGF-β, and IDO worsen immunosuppression (Georgoulias and Zaravinos, 2022; Hossain et al., 2022) By reducing tryptophan and generating immunosuppressive metabolites, IDO, in particular, is upregulated in melanoma and promotes immune tolerance (Zhou et al., 2019).
The immunosuppressive landscape is significantly shaped by the makeup of immune cell populations within the TME. Melanoma is enriched in tumor-associated macrophages (TAMs), especially the M2 subtype, which stimulate tumor growth by preventing T cell infiltration and releasing immunosuppressive cytokines (Falcomatà et al., 2023; Xing et al., 2024). The presence of regulatory T cells (Tregs), another important element of the immunosuppressive TME, is associated with a poor prognosis and resistance to immune checkpoint inhibitors (Kudchadkar et al., 2020; Zhang et al., 2025). The infiltration of natural killer (NK) cells and cytotoxic CD8+ T cells, on the other hand, is linked to better immunotherapy outcomes, underscoring the significance of cultivating an immune-active TME (Pang et al., 2023; Jin et al., 2024). Exhausted T cells express high levels of immune checkpoint molecules and have decreased cytotoxic activity, which makes the therapeutic landscape more complex due to the heterogeneity of CD8+ T cell subpopulations, including exhausted and terminally differentiated states (Qin et al., 2023; Yang et al., 2025). According to recent research, intratumoral B cell infiltration may improve responses to immune checkpoint blockade, highlighting the role of B cells and tertiary lymphoid structures in fostering anti-tumor immunity (Shen et al., 2024).
Tumor-intrinsic characteristics like mutations in JAK1/JAK2, PTEN loss, and WNT/β-catenin signaling, which alter antigen presentation and T cell recruitment, further impact the dynamic interaction between tumor cells and the immune system (Bellucci et al., 2013; Hu et al., 2021). Mutations in B2M and major histocompatibility complex (MHC) class I are examples of defects in the antigen presentation machinery that allow tumor cells to avoid T cell recognition and increase resistance to immunotherapy (Torrejon et al., 2023; Han et al., 2025). Furthermore, the neoantigen load and tumor mutation burden (TMB) are important factors that determine the response to immunotherapy because higher TMB is linked to better clinical results and increased neoantigen generation (Chan et al., 2019; Szeto et al., 2020). The anti-tumor immune response can be weakened by immunoediting mechanisms like neoantigen loss and downregulation of interferon-ϣ signaling, which emphasizes the necessity of integrated models to forecast treatment results (Jorgovanovic et al., 2020; Galassi and Galluzzi, 2023).
Targeting new immune checkpoints, adjusting cytokine networks, and reprogramming the TME to improve immune cell infiltration and function are some of the emerging methods for overcoming immunosuppression in melanoma. Although they are linked to higher toxicity, combination therapies that block PD-1 and CTLA-4 at the same time have demonstrated improved efficacy when compared to monotherapy (Willsmore et al., 2021). Small-molecule inhibitors that target TGF-β or IDO signaling are also being investigated as a way to reverse immunosuppression and increase the effectiveness of immune checkpoint blockade (Guo et al., 2021; Leonardo-Sousa et al., 2025). By boosting T cell-mediated immunity, nanotechnology-based strategies, like lysosomal-targeting nanoparticles, have also shown promise in causing immunogenic cell death and turning “cold” tumors into “hot” ones (Giustarini et al., 2021; Wu et al., 2024). In order to determine patient-specific therapeutic targets and forecast immunotherapy responses, personalized proteogenomic approaches that combine genomic, transcriptomic, and proteomic data are being developed (Huber et al., 2024).
Immune checkpoint molecules, cytokines, and immune cell populations interact to create the immunosuppressive TME in melanoma, which is a complex obstacle to successful immunotherapy. To improve treatment outcomes and overcome resistance to immune checkpoint blockade, it is essential to comprehend the intricate mechanisms underlying immunosuppression and create novel approaches to modulate the TME. To fully utilize the immune system in the fight against melanoma, future studies should concentrate on combining multi-omics data, investigating new therapeutic targets, and refining combination therapies.
3.3 Lack of targeted and penetrating drug delivery
Melanoma is often characterized by high intratumoral heterogeneity and dense tumor stroma, which collectively impede the efficient penetration and uniform distribution of conventional drugs within the tumor mass (Mundra et al., 2015; Mejbel et al., 2019). The abnormal structure of tumor vasculature, coupled with areas of poor perfusion, further restricts the delivery of systemically administered drugs to all tumor cells (Mundra et al., 2015; Mikoshiba et al., 2019). Insufficient drug concentration at the tumor site and excessive exposure in normal tissues not only reduce therapeutic efficacy but also exacerbate toxicity. The lack of tumor specificity is a major limitation of traditional drugs: for instance, chemotherapeutic agents distribute systemically and nonspecifically kill proliferating cells, leading to adverse effects such as myelosuppression and mucositis (Jin et al., 2019; Natarelli et al., 2024). Even targeted therapies may engage homologous pathways in normal cells, resulting in off-target side effects. Regarding drug resistance, melanoma cells can develop resistance to monotherapy through genetic mutations or pathway reprogramming (Amaral et al., 2020), such as the activation of bypass signaling pathways that lead to resistance against BRAF inhibitors (Molnár et al., 2019). This highlights the necessity for developing strategies that can simultaneously target multiple pathways to overcome resistance (Figure 1).
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In light of the aforementioned limitations, there is a clinical imperative for more effective and selective therapeutic modalities that can eradicate primary lesions while preventing metastasis and recurrence. There is a need for technologies that can precisely deliver drugs to tumors while minimizing damage to normal tissues, thereby enhancing tumor cell killing while reducing side effects (Mundra et al., 2015). Increasing the accumulation and penetration depth of drugs within melanoma tissue, while avoiding clearance by normal organs, represents a crucial research direction. Given the propensity of melanoma for mutation and drug resistance, combination therapies or interventions with novel mechanisms are required to overcome the tumor’s escape capabilities. An ideal therapeutic strategy should target multiple oncogenic pathways simultaneously or combine direct cytotoxicity with immune clearance to prevent residual resistant clones from causing tumor relapse (Natarelli et al., 2024). Additionally, the early elimination of micrometastases and continuous monitoring of dormant cancer cells are essential for improving long-term disease-free survival in melanoma patients. The suboptimal efficacy of current immunotherapies in immunologically “cold” tumors or in the presence of an immunosuppressive microenvironment underscores the urgent need for methods to reprogram the tumor microenvironment, enhancing tumor visibility and susceptibility to the immune system (Yang et al., 2023). Specifically, reducing intratumoral hypoxia, neutralizing the effects of immunosuppressive molecules, and activating host immune effector cells are necessary to maximize the efficacy of immunotherapies. The emergence of nanomedicine offers new hope for the treatment of melanoma. Nanomaterials possess unique advantages and can address the aforementioned challenges through synergistic strategies, thereby improving therapeutic efficacy and reducing side effects.
4.1 Unique advantages of nanodrug delivery
Nanocarriers, typically sized between 10 and 200 nm, can exploit the EPR effect of tumors to selectively accumulate at the tumor site (Mundra et al., 2015; Fang et al., 2020). This passive targeting mechanism increases local drug concentration in the tumor while reducing systemic exposure, thereby minimizing systemic toxicity. Compared to conventional drug formulations, nanodrugs can significantly enhance drug accumulation in the tumor while minimizing exposure in normal tissues (Mundra et al., 2015; Wang et al., 2022; Zeng et al., 2023). The encapsulation of drugs by nanomaterials also improves their pharmacokinetic properties. Nanodelivery systems notably enhance the aqueous solubility and stability of many anticancer drugs, prolong their circulation half-life, and optimize in vivo bioavailability (Zeng H. et al., 2022; Zeng H. et al., 2023). Lipophilic drugs delivered via nanoemulsions or liposomes can avoid rapid degradation or clearance in the bloodstream, allowing for a longer duration of action against tumors (Zeng H. et al., 2022). Additionally, the sustained-release characteristics of nanocarriers can prevent acute toxicity caused by high drug concentrations, achieving a more stable and prolonged therapeutic effect. Collectively, these features enhance therapeutic efficacy while reducing systemic side effects (Wang et al., 2022; Zeng H. et al., 2022; Zeng H. et al., 2023).
The surface of nanoparticles can be modified with ligands (such as antibody fragments, peptides, and sugar molecules) to endow them with the ability to actively recognize melanoma cells or their microenvironment (Moni et al., 2025). Conjugating integrin receptor ligands (such as RGD peptides) to the surface of nanocarriers enables specific binding to tumor vasculature and melanoma cells, thereby increasing the accumulation and cellular uptake of nanodrugs at the tumor site (Moni et al., 2025). This active targeting strategy further enhances the selectivity of treatment. Concurrently, some nanoparticles can be designed with ultra-small sizes or special shapes to facilitate deeper penetration into the tumor parenchyma, overcoming barriers posed by dense stroma and achieving uniform drug distribution in large-volume tumors. By combining active and passive targeting, nanodrug delivery holds promise to address the challenges of poor targeting and penetration associated with conventional drugs (Moni et al., 2025).
Nanocarriers can simultaneously deliver multiple therapeutic agents through physical encapsulation or chemical conjugation, enabling the integration of synergistic therapies on a single nanoplatform (Han et al., 2020; Liang et al., 2022; Zeng Z. et al., 2022; Moni et al., 2025). A single nanoparticle can co-deliver chemotherapeutic agents, photosensitizers, and immunomodulatory agents, thereby achieving a “one-stop” combination therapy. Compared to the conventional administration of different drugs separately, the nanoplatform ensures spatiotemporal synergistic delivery of the components: they are transported together to the tumor site and released in a designed ratio, thereby exerting synergistic effects within the same tumor cell or microenvironment. This synchronized drug delivery enhances the therapeutic efficacy and avoids the asynchrony caused by differences in the pharmacokinetics of individual drugs (Moni et al., 2025). Studies have demonstrated that the co-delivery of two or more drugs in the form of nanocomplexes achieves a stronger antitumor effect than sequential monotherapy (Buskaran et al., 2021; Yan et al., 2022; Li et al., 2023). A nano-prodrug that simultaneously releases the chemotherapeutic agent oxaliplatin and an IDO inhibitor can induce immunogenic cell death in tumors while alleviating tumor immunosuppression, thereby achieving a tumor growth inhibition effect more than twice that of either monotherapy (Yan et al., 2022).
Furthermore, through material design, nanocarriers can be engineered into “smart” systems that respond to tumor-specific stimuli (such as pH, enzymes, and reducing environments) or external physical triggers (Argenziano et al., 2022; Zeng Z. et al., 2022; Moni et al., 2025). PH-sensitive polymeric micelles disintegrate in the acidic tumor microenvironment, rapidly releasing the drug to attack adjacent tumor cells, while remaining stable in the neutral blood environment with minimal drug release (Zhao et al., 2019; Moni et al., 2025). Similarly, photothermal-responsive nanoparticles can locally heat up under near-infrared laser irradiation in vitro, triggering the instantaneous release of the loaded drug and achieving spatiotemporally controlled drug delivery (Zhao et al., 2019; Moni et al., 2025). These intelligent nanosystems ensure that the therapeutic effects are primarily localized to specific sites and times, further reducing damage to normal tissues and enhancing treatment precision. Through material modification and design, nanocarriers have achieved a series of improvements in stable drug transport, targeted release, and synergistic enhancement in melanoma therapy, providing technical support to overcome the limitations of conventional therapies (Figure 2).
[image: Diagram illustrating the advantages of nanomaterials. Features include sizes ranging from ten to two hundred nanometers with enhanced permeability and retention (EPR). Advantages are drug packaging, increased solubility, stability, and potential for modification with antibody fragments or peptides. They respond to tumor-specific stimuli like pH or enzymes and external triggers such as light or ultrasound. Metal nanomaterial examples are shown, ultimately targeting a tumor.]FIGURE 2 | The unique advantages of nanodrug delivery.4.2 Advantages of synergistic strategies
The core advantages of nanomaterials in the treatment of melanoma lie in enhanced targeting, overcoming biological barriers, and integrating multimodal therapies (Sang et al., 2019). These strengths directly address the bottlenecks in melanoma treatment. Nanodrug delivery can concentrate higher amounts of therapeutic agents at the tumor site, provide sustained and stable drug release, and integrate phototherapy and immunomodulation through a unified platform. The following sections will delve into several major synergistic treatment modalities and their mechanisms of action, elucidating how nanomaterials achieve optimal therapeutic effects at the molecular and cellular levels.
4.2.1 Synergistic targeted delivery and immune modulation
Targeted drug delivery via nanocarriers enables the precise transportation of immune modulatory agents to the tumor and its microenvironment, thereby alleviating immune suppression and enhancing the host’s anticancer immune response. Simultaneously, the accumulation of nanocarriers at the tumor site increases the local concentration of tumor antigens or immune-stimulatory molecules. This synergistic combination of nanotargeting and immune modulation can enhance immune efficacy both locally within the tumor and systemically.
Nanomaterials can transport immune microenvironment modulators (such as small-molecule inhibitors, siRNA, and protein toxins) and selectively release them within the tumor to eliminate immune suppression and promote immune activation (Li and Burgess, 2020). Researchers have developed a nanoparticle that can simultaneously carry a mitochondrial respiration inhibitor and an MDSC inhibitor (Cabozantinib). This nanoparticle can reach melanoma lesions directly through a combination of intradermal and intravenous administration (Yang et al., 2023). This approach reverses the hypoxic and immunosuppressive states at the tumor site, reshapes the tumor immune microenvironment, and significantly amplifies the systemic antitumor immune effect (Yang et al., 2023).
Nanomaterials can also serve as vehicles to deliver tumor antigens and immune-stimulatory signals to lymph nodes, thereby activating the host immune system in a vaccine-like manner, while simultaneously releasing immune checkpoint inhibitors locally at the tumor site to relieve the tumor’s constraints on activated immunity (Yan et al., 2019). Encapsulating the oncolytic peptide LTX-315 and the immune adjuvant CpG in tumor-targeted polymeric nanoparticles and combining them with anti-PD-1 antibodies can induce a robust and long-lasting antitumor immune response in a melanoma mouse model (Zeng H. et al., 2022). Targeted nanocarriers ensure that immune-stimulatory molecules concentrate on hard-to-reach tumors and metastases, thereby generating a durable immune effect that is difficult to achieve with other administration methods.
The crux of the synergistic combination of targeted delivery and immune modulation lies in precise localization and a dual-pronged approach. Nanotechnology ensures that immune modulatory agents are released at the correct sites to exert maximal effects on tumor-associated immune cells. Simultaneously, by combining different immune mechanisms, a comprehensive enhancement of immune cytotoxicity is achieved (Atukorale et al., 2019). Compared to the traditional monotherapy with immune checkpoint inhibitors, the tumor microenvironment under nanosynergistic strategies is more conducive to immune cell infiltration and cytotoxicity, thereby converting “cold tumors” into “hot tumors” and improving the response rate to immunotherapy (Hanoteau et al., 2019). This mechanism holds significant clinical appeal, with the potential to address the issue of non-responsiveness to immunotherapy in many patients (Figure 3).
[image: Illustration depicting the synergy of nanocarrier targeting and immunomodulation. It shows a blood vessel delivering a nanocarrier to a tumor, where immunomodulatory drugs and immunostimulatory agents are locally concentrated. The process activates T cells and dendritic cells, enhancing the immune response near the tumor and lymph node.]FIGURE 3 | The synergy of targeted delivery and immune regulation.By taking advantage of their distinct physicochemical characteristics and biocompatibility, gold nanoparticles (AuNPs) have become a viable platform for improving the effectiveness of ICIs in melanoma prevention (Goddard et al., 2020; Alharbi et al., 2023). Low response rates and acquired resistance are two drawbacks of conventional immunotherapy that can be addressed with the conjugation of AuNPs with ICIs, such as anti-PD-1 or anti-PD-L1 antibodies (Wenthe et al., 2022; Alharbi et al., 2023). To achieve selective delivery to tumor sites, AuNPs can be functionalized with targeting ligands like aptamers, peptides, or antibodies. This reduces off-target effects and improves therapeutic precision (Goddard et al., 2020; Dykman et al., 2025). When it comes to melanoma, where the TME is frequently immunosuppressive, this targeted delivery is especially beneficial because it limits the effectiveness of ICIs (Wenthe et al., 2022).
AuNPs improve anti-melanoma immunity through a variety of mechanisms. First, by shielding ICIs from deterioration and extending their half-life, AuNPs can enhance their pharmacokinetics and bioavailability (Dykman et al., 2025). This is essential for maintaining immune activation over time and stopping tumor evasion. AuNPs can also alter the TME by encouraging the infiltration of NK cells and CTLs, both of which are critical for the destruction of tumor cells (Wenthe et al., 2022). A Th1-biased immune response, which is typified by the upregulation of interferon-γ (IFN-γ) and other pro-inflammatory cytokines, can be induced by AuNPs conjugated with ICIs, according to studies (Huang et al., 2020; Kesharwani et al., 2023). In addition to increasing the cytotoxicity of immune cells, this immune reprogramming also blocks immunosuppressive signals sent by myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) (Alharbi et al., 2023).
Small molecule inhibitors of immune checkpoints, like BMS202, which targets the PD-1/PD-L1 axis, can be transported by AuNPs (Alharbi et al., 2023). By ensuring their controlled release at the tumor site, these inhibitors’ encapsulation within AuNPs maximizes their therapeutic effect while reducing systemic toxicity (Alharbi et al., 2023; Dykman et al., 2025). It has been demonstrated that nanodiamonds (NDs) loaded with BMS202 improve the interaction between peripheral blood mononuclear cells (PBMCs) and melanoma cells, resulting in notable anti-proliferative effects (Alharbi et al., 2023).
Combination therapies are another novel way that AuNPs are being used in melanoma immunotherapy. To enhance the anti-tumor immune response, AuNPs can be designed to co-deliver ICIs with other immunomodulatory substances, such as cytokines or Toll-like receptor (TLR) agonists (Huang et al., 2020; Kesharwani et al., 2023). It has been demonstrated that silica nanoparticles conjugated with TLR7 agonists increase T cell infiltration and upregulate IFN-γ expression, thereby improving the effectiveness of anti-PD-1 and anti-CTLA-4 antibodies (Huang et al., 2020). Tumor cells can undergo necroptosis when AuNPs functionalized with immunostimulatory ligands are present, releasing damage-associated molecular patterns (DAMPs) that further stimulate the immune system (Cai et al., 2023; Kesharwani et al., 2023).
AuNPs’ photothermal characteristics increase their usefulness in melanoma immunotherapy. AuNPs can cause localized hyperthermia in response to NIR light, which kills tumor cells directly and facilitates the entry of ICIs into the tumor tissue (Olesiak-Banska et al., 2019; Kesharwani et al., 2023). In order to prime the immune system for a stronger anti-tumor response, this photothermal effect can also cause ICD, which is characterized by the release of tumor antigens and the activation of DCs (Olesiak-Banska et al., 2019; Kesharwani et al., 2023) AuNPs’ optical characteristics allow for imaging and therapeutic response monitoring, offering a theranostic platform for individualized melanoma treatment (Goddard et al., 2020; Dykman et al., 2025).
Notwithstanding these developments, there are still obstacles in the way of AuNP-based immunotherapies’ clinical translation. It is necessary to address concerns like possible toxicity, adverse events linked to the immune system, and the difficulty of large-scale production (Kesharwani et al., 2023; Dykman et al., 2025). In order to improve AuNPs’ safety and effectiveness, research is still being done to optimize their size, shape, and surface chemistry (Goddard et al., 2020; Dykman et al., 2025). The development of predictive biomarkers and advanced delivery systems will be crucial for identifying patients who are most likely to benefit from AuNP-conjugated ICIs (Huang et al., 2020; Wenthe et al., 2022). A novel strategy for boosting anti-melanoma immunity is the conjugation of immune checkpoint inhibitors with gold nanoparticles. AuNPs can enhance ICI delivery, efficacy, and safety by utilizing their special qualities. This also makes combination therapies and theranostic applications possible. AuNP-based immunotherapies have great potential to overcome the drawbacks of existing treatments and enhance the prognosis of melanoma patients as this field of study develops (Wenthe et al., 2022; Alharbi et al., 2023).
4.2.2 Synergistic effects of PDT and immunotherapy
Photodynamic therapy (PDT), leveraging nanomaterials to convert light energy into cytotoxic effects, achieve synergistic phototherapy and immunotherapy. This combination enables the simultaneous ablation of localized tumors and systemic immune clearance, thereby fulfilling the dual objectives of controlling both primary and metastatic lesions (Lopes et al., 2022a; Yan et al., 2022; Zhao et al., 2022). PDT employs nanocarriers to deliver photosensitizers that accumulate within tumors. Upon irradiation with specific wavelengths of light, reactive oxygen species (ROS) are generated, inducing tumor cell death and an inflammatory response (Liu P. et al., 2019). This process releases a large amount of tumor antigens, rendering the tumor visible to the immune system. When combined with immune checkpoint blockade, the immunogenic effects triggered by PDT can be significantly enhanced (Liu H. et al., 2019). Recently, a study designed a matrix metalloproteinase (MMP)-responsive nanoparticle co-loading the photosensitizer indocyanine green (ICG) and anti-PD-L1 antibody. Following light irradiation, PDT-induced tumor cell death releases antigens, sensitizing residual tumors to PD-1 antibody therapy. The combination therapy achieved a 73.2% reduction in tumor growth (Yan et al., 2022). Another nanoplatform co-delivered a photosensitizer with PD-L1 siRNA. The ROS generated by PDT promote DC antigen uptake, while siRNA downregulates PD-L1 expression in tumor cells. The synergistic therapy completely eradicated tumors in a mouse melanoma model without significant toxicity (Yan et al., 2022). These results demonstrate that PDT provides tumor-associated antigens required by the immune system, while checkpoint inhibition alleviates T-cell dysfunction. Together, they induce a systemic antitumor immune response through nanocarriers in the same spatiotemporal context.
Using the distinct mechanisms of both modalities to boost anti-tumor immunity and enhance clinical outcomes, the synergistic effects of PDT and immunotherapy in the treatment of melanoma represent a revolutionary approach in oncology. Because of its hypoxic microenvironment and immune evasion tactics, melanoma, an aggressive and extremely deadly cancer, frequently defies standard treatments (Pires et al., 2020). This minimally invasive procedure uses photosensitizers that are triggered by particular light wavelengths to produce cytotoxic reactive oxygen species (ROS), which kill tumor cells directly and cause ICD (Lamberti et al., 2019; Sasaki et al., 2023). Calreticulin, ATP, and HMGB1 are examples of damage-associated molecular patterns (DAMPs) released during ICD, which stimulate DCs and encourage CTL infiltration into the TME (Ji et al., 2022; Sasaki et al., 2023). The immunosuppressive TME and the insufficient activation of adaptive immunity frequently limit the effectiveness of PDT alone (Pires et al., 2020; Ji et al., 2022).
Immunotherapy has transformed the treatment of melanoma by reestablishing T cell-mediated anti-tumor responses, especially ICIs that target the PD-1/PD-L1 and CTLA-4 pathways (Gu et al., 2022; Ji et al., 2022). The absence of tumor immunogenicity and the existence of immune-suppressive factors in the TME contribute to the suboptimal response rates to ICIs (Ji et al., 2022). By increasing tumor immunogenicity and boosting the immune response, PDT in conjunction with immunotherapy overcomes these drawbacks. PDT increases tumor cells’ expression of immune co-stimulatory molecules like CD80, which improves CD28-mediated T cell activation and works in concert with anti-CTLA-4 treatment (Gu et al., 2022). Anti-PD-1/PD-L1 antibodies can also target PDT-induced upregulation of PD-L1 on tumor cells, strengthening the immune response against tumors (Gu et al., 2022; Ji et al., 2022). In addition to enhancing local tumor control, this combination also produces systemic anti-tumor immunity, which includes abscopal effects, in which systemic immune responses cause untreated metastatic lesions to regress (Gu et al., 2022; Sasaki et al., 2023).
The potential of this combinatorial approach in melanoma models has been shown in recent studies. In murine melanoma models, the combination of PDT and anti-PD-1 therapy dramatically reduced tumor growth and extended survival; in certain instances, total tumor regression was seen (Gu et al., 2022; Sasaki et al., 2023). Using photosensitizers based on nanoparticles, like Photodithazine, has demonstrated promise in increasing the effectiveness of PDT by enhancing light penetration and tumor targeting, especially in pigmented melanomas (Pires et al., 2020). These developments demonstrate how PDT can transform “cold” tumors, which have low immune infiltration, into “hot” tumors, which have strong immune activation, increasing the effectiveness of immunotherapy (Lamberti et al., 2019; Ji et al., 2022). The hypoxic TME, a melanoma hallmark, presents additional difficulties that are addressed by combining PDT with immunotherapy. Hypoxia increases PD-L1 expression and attracts immunosuppressive cells, which both enhance immune suppression and lessen the effectiveness of PDT by reducing ROS generation (Pires et al., 2020; Ji et al., 2022). It has been demonstrated that techniques like vascular normalization with tyrosine kinase inhibitors like Lenvatinib reduce hypoxia, increase PDT effectiveness, and boost CTL infiltration, all of which improve the TME for immunotherapy (Ji et al., 2022; Zheng et al., 2023). New possibilities to overcome hypoxia-related resistance and improve the synergistic effects of PDT and immunotherapy are presented by the development of novel photosensitizers with enhanced oxygen-independent mechanisms, such as type I PDT (Li et al., 2025). Utilizing the complementary mechanisms of both modalities, PDT and immunotherapy together offer a promising approach to treating melanoma by increasing tumor immunogenicity, overcoming immune suppression, and triggering systemic anti-tumor immunity. Advanced photosensitizers, vascular normalization techniques, and immune checkpoint blockade combined have the potential to revolutionize melanoma treatment and provide hope for better results in this difficult condition. To further increase the effectiveness of this synergistic approach, future research should concentrate on developing new combinatorial techniques, identifying predictive biomarkers, and optimizing treatment protocols (Pires et al., 2020; Sasaki et al., 2023).
4.2.3 Synergistic effects of PTT and immunotherapy
The combination of immunotherapy and PTT has shown promise in treating melanoma by utilizing the complementary mechanisms of both treatments to improve therapeutic results. PTT releases tumor-associated antigens (TAAs) and damage-associated molecular patterns (DAMPs), which promote DC maturation and antigen presentation. It also causes tumor cell ablation and ICD by using light-absorbing agents to create localized hyperthermia (Liu Y. et al., 2019; Xiong et al., 2023; Jiang et al., 2025). By priming the immune system, this procedure makes it possible for immunotherapy to boost anti-tumor immune responses. In addition to targeting the primary tumor, PTT and immunotherapy also create systemic anti-tumor immunity, which may help treat metastatic lesions by means of the abscopal effect (Kim S. et al., 2021; Nam et al., 2021).
PTT employs nanoscale photothermal agents to convert light energy into heat, thereby locally ablating cancer cells (Yu et al., 2022). The introduction of immune adjuvants or pro-inflammatory factors during PTT can further enhance the immune system’s response to tumor antigens (Miele et al., 2022). One study constructed a biomimetic nanoplatform using synthetic high-density lipoprotein (sHDL) as a carrier to load photothermal agents and immune adjuvants. The danger signals generated by photothermal ablation of tumors, combined with adjuvant stimulation, significantly activated DCs and CTLs. The synergistic therapy not only inhibited the growth of primary tumors but also effectively prevented tumor recurrence (Yan et al., 2022). The notable advantage of synergistic phototherapy and immunotherapy lies in the transformation of localized treatment into systemic efficacy, achieving a dual impact on both overt tumors and occult lesions. The utilization of nanomaterials enhances the accumulation of photosensitizers/photothermal agents within tumors, ensuring adequate photodestruction, and allows for the concurrent delivery of immune modulatory components, ensuring timely and robust immune activation. For melanoma, a highly metastatic disease, photothermal immunotherapy has the potential to eliminate microscopic metastases that are difficult to reach surgically, thereby reducing the recurrence rate. Numerous preclinical studies have already validated the effects of phototherapy combined with checkpoint inhibitors or adjuvants, and the mechanistic breakthroughs offer a novel comprehensive treatment strategy for melanoma (Figure 4).
[image: Diagram comparing PDT and PTT therapies. On the left, PDT with a photosensitizer leads to ROS generation, cell death, antigen release, and enhanced immune response with checkpoint blockade. On the right, PTT with a photothermal agent causes heat generation, antigen release, T cell activation, and systemic immune response, illustrating immunomodulation.]FIGURE 4 | The synergy of PDT/PTT and immunity.The ability of PTT to alter the TME, which is frequently immunosuppressive and resistant to immunotherapy, is one of the main advancements in this combination therapy. By attracting neutrophils, stimulating NK cells, and improving DC function, PTT can debulk large tumors, lower physical barriers within the TME, and change the immune landscape (Kim S. et al., 2021; Nam et al., 2021). PTT’s effectiveness may be limited by its ability to produce short-term immunosuppressive effects, such as the enrichment of regulatory T cells (Tregs) and M2-like macrophages (Nam et al., 2021). By encouraging the infiltration and activation of cytotoxic CD8+ T cells, decreasing Treg populations, and causing the TME to change toward a more immunogenic state, immunotherapy counteracts these effects (Kim S. et al., 2021; Nam et al., 2021). The potential of this strategy for advanced melanoma has been highlighted by studies showing that PTT in conjunction with neoantigen cancer vaccines can completely eradicate large primary tumors and have strong abscopal effects against distant metastases (Nam et al., 2021). To maximize synergism, PTT and immunotherapy timing and sequence are crucial. According to preclinical models, immunotherapy after PTT improves the recruitment and activation of T cells specific to tumors, resulting in long-lasting anti-tumor responses (Kim S. et al., 2021; Nam et al., 2021). This sequence supports the idea that immunotherapy maintains and strengthens the immune response, while PTT-induced ICD primes the immune system. The therapeutic index is further improved by the precise control of treatment parameters, such as drug delivery, heat distribution, and light dosage, made possible by the use of nanotechnology in PTT, such as engineered nanoparticles or photothermal agents (Liu Y. et al., 2019; Jiang et al., 2025). In preclinical melanoma models, multifunctional nanocarriers that combine PTT with immune adjuvants or checkpoint inhibitors have demonstrated superior efficacy, resulting in synergistic tumor regression and extended survival (Du et al., 2017; Liu et al., 2023).
The capacity of nanoparticles to alter the tumor microenvironment enhances the synergistic effects of PTT and ICB. Because of their superior surface plasmon resonance, biocompatibility, and photothermal conversion efficiency, gold nanoparticles (AuNPs) have been used extensively in PTT (Yang et al., 2019). Through the EPR effect, these nanoparticles can accumulate in tumor tissues, ensuring localized heat generation and reducing harm to nearby healthy tissues (Ding et al., 2024). The heat produced by AuNPs enhances the antitumor immune response by inducing ICD and encouraging the release of pro-inflammatory cytokines (Ding et al., 2024). It has been demonstrated that PTT and ICB together enhance the expression of MHC class I and co-stimulatory molecules on tumor cells, increasing their immunogenicity and vulnerability to T-cell-mediated destruction (Ledezma et al., 2020).
Using gold nanorods and anti-PD-1 peptides in microneedle drug delivery systems is another creative strategy. By penetrating the skin and delivering therapeutic agents straight to the tumor site, these systems can increase T lymphocytes’ capacity for cytotoxicity (Weng et al., 2023). The gold nanorods produce heat when exposed to NIR light, which helps to further ablate tumors. This localized delivery approach is a promising melanoma treatment strategy because it lowers systemic toxicity while simultaneously increasing treatment efficacy (Weng et al., 2023).
The immunogenicity of melanoma cells may be increased by combining PTT with epigenetic therapy. Poly (lactic-co-glycolic) acid (PLGA) nanoparticles that co-encapsulate Nexturastat A (NextA) and ICG have been created to administer photothermal and epigenetic treatments (Ledezma et al., 2020). ICG, a photothermal agent, produces heat when exposed to NIR laser light, whereas NextA, an epigenetic medication, increases the expression of MHC class I and tumor antigens on melanoma cells by blocking histone deacetylase (HDAC) activity (Ledezma et al., 2020). It has also been investigated to combine ICB with upconversion nanoparticles (UCNPs). Deeper tissue penetration and more potent phototherapy are made possible by UCNPs’ ability to transform NIR light into visible or ultraviolet light (Wang et al., 2019). These nanoparticles can produce synergistic photothermal and photodynamic effects when functionalized with ICG and rose bengal (RB), which will further improve ICD and TAA release (Wang et al., 2019). Antigen-presenting cells subsequently present the captured TAAs, triggering a strong immune response that is specific to the tumor. In preclinical models, this strategy has demonstrated great promise in inhibiting primary and distant tumors, especially when paired with anti-CTLA-4 therapy (Wang et al., 2019).
Despite the encouraging outcomes, there are still obstacles to overcome before this combination therapy can be used in clinical settings. Treatment protocols must be carefully optimized due to the heterogeneity of melanoma, variations in immune responses, and the possible toxicity of combination treatments. The safety and effectiveness of PTT in combination with ICIs or other immunotherapeutic agents are being investigated in ongoing clinical trials; initial findings point to higher response rates and better survival outcomes (Kim S. et al., 2021; Phadke et al., 2021). By using cutting-edge imaging methods like photoacoustic imaging (PAI), PTT delivery may be guided and treatment responses can be tracked in real-time, improving accuracy and minimizing off-target effects (Liu Y. et al., 2019). PTT and immunotherapy work in concert to treat melanoma in a way that is revolutionary since it targets both systemic immune activation and local tumor management. This combination therapy may be able to overcome resistance mechanisms and enhance outcomes for patients with advanced melanoma by utilizing the immunogenic qualities of PTT and the immune-enhancing potential of immunotherapy.
4.2.4 Synergy of dynamic monitoring and precision intervention
Nanotechnology also supports real-time monitoring and dynamic adjustment during the therapeutic process, achieving theranostics integration. Through the synergy of diagnosis and therapy, clinicians can intervene precisely, significantly enhancing the safety and efficacy of treatment (Qin et al., 2019).
Traditionally, therapeutic efficacy is often assessed weeks after treatment through imaging or biochemical markers, which fails to provide timely insights into early treatment responses. To address this, researchers have developed “self-reporting” nanodrugs that emit detectable signals upon drug release or encounter with tumor enzymes, enabling real-time visualization of therapeutic efficacy (Kulkarni et al., 2016). An experiment designed a two-in-1 reporting nanoparticle that, on one hand, delivers chemotherapeutic or immunotherapeutic agents to the tumor and, on the other hand, emits fluorescence/magnetic resonance signals to indicate the degree of drug release and cell killing (Kulkarni et al., 2016). Using such nanoprobes, researchers can differentiate whether the tumor is responsive to therapy early after administration, thereby allowing timely adjustments to the treatment plan and avoiding the time wastage and side effects associated with ineffective therapy (Kulkarni et al., 2016). Experiments have demonstrated that these nanoprobes can directly report the in vivo activity of anticancer drugs, promptly identifying responders and non-responders, and effectively improving treatment outcomes in mouse models. This heralds a future clinical scenario where physicians can leverage similar nanoprobes to monitor real-time responses of melanoma patients to therapy and make personalized adjustments.
The aforementioned stimulus-responsive nanocarriers not only enhance targeting but also provide a means for precision intervention (Zhao et al., 2021; Tewari et al., 2022). Upon reaching the tumor, these responsive nanomaterials are triggered by the microenvironment to release drugs that kill tumor cells (Tewari et al., 2022; Moni et al., 2025). This on-demand release ensures that the intervention is highly precise in both time and space. When combined with real-time detection technologies, the future potential includes: nanoprobes monitoring changes in tumor biomarkers (Wang et al., 2016), and instantaneously triggering the nanosystem to release additional doses of drugs or signaling molecules for intervention at the very onset of tumor relapse. This autonomous responsiveness and regulatory capability transforms treatment from a passive to an actively controllable process (Liang et al., 2020). A recent study utilized a blue-light-induced CRISPR nanosystem to achieve precise spatiotemporal gene-editing intervention in melanoma: only when needed, light irradiation of the skin triggers the expression of CRISPR/Cas9 within the nanocarrier to excise oncogenes, thereby inhibiting tumor growth (Wu et al., 2020). This approach, which integrates gene therapy with external physical control, demonstrates the potential of precision intervention (Wu et al., 2020).
The significance of the synergy between dynamic monitoring and precision intervention lies in enhancing the real-time nature and personalization of treatment. Nanotheranostic platforms provide clinicians with visual means to monitor the therapeutic process in real-time and make immediate corrections when deviations from the desired trajectory occur. Meanwhile, responsive nanosystems ensure that drugs act at the correct site and time, minimizing randomness. For rapidly mutating and progressing tumors like melanoma, this timeliness is crucial. Real-time monitoring can detect the emergence of drug resistance or metastatic lesions early and provide immediate additional interventions, thereby increasing the success rate of treatment. Precision intervention reduces unnecessary systemic toxicity and improves the quality of life for patients. It can be anticipated that with the development of nanosensing and controlled-release technologies, the synergy of “treat, diagnose, and adjust” will become possible, ushering in an era of intelligent melanoma therapy (Figure 5).
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Beyond the aforementioned primary types, nanomaterials also provide a platform for a variety of innovative synergistic therapeutic approaches. Nanoparticles can combine chemotherapeutic agents with photosensitizers or photothermal agents to achieve “light-controlled chemotherapy”. Upon light irradiation, the photosensitizer or photothermal agent directly kills cells while simultaneously promoting the localized release of chemotherapeutic drugs from the nanocarrier (Wang et al., 2018). The combination of these two modalities significantly enhances the cytotoxicity against tumor cells (Kim et al., 2023). This approach is particularly suitable for superficial and visible melanoma lesions, where local irradiation can achieve high-concentration, on-demand drug release and deep penetration. It may potentially overcome the limitations of traditional chemotherapy in treating melanoma.
Metal nanoparticles with high atomic numbers serve as potent radiosensitizers, enhancing the damage to tumors by ionizing radiation. When these nanoparticles are delivered into melanoma cells followed by radiotherapy, they can increase the production of reactive oxygen species and the number of DNA double-strand breaks, thereby improving the efficacy of radiotherapy (Bemidinezhad et al., 2024). Some novel nanoparticles can simultaneously trigger both radiotherapy and photodynamic therapy under irradiation, while also inducing immune responses through the release of tumor antigens (Zhang et al., 2020). Experiments have shown that these nanoparticles can enhance radiotherapy, induce tumor oxidative damage, and stimulate antitumor immunity in melanoma models, significantly improving overall therapeutic outcomes. Additionally, the combination of radiotherapy, nanoparticles, and immunotherapy has been proposed to integrate local and systemic control of refractory melanoma (Bemidinezhad et al., 2024).
Nanomaterials can serve as carriers for cancer vaccines, delivering melanoma antigens and adjuvants to elicit an immune response within the body, and can be combined with cell therapies to enhance their efficacy (Chu et al., 2022). Melanoma cell lysates or peptide antigens loaded onto nanoparticles or hydrogels, administered together with immune modulators, can play a role in preventing recurrence after surgery (Yan et al., 2022). One study encapsulated tumor cells and the PD-L1 inhibitor JQ1 into a hydrogel and triggered antigen and drug release via PDT, resulting in a significant increase in DC maturation rate in lymph nodes (up to 62%) and effectively inhibiting postoperative autologous tumor recurrence and metastasis (Yan et al., 2022). Additionally, nanocarriers can be used for the delivery of gene therapies (such as siRNA, miRNA, or CRISPR components) to directly target and silence oncogenes or reverse resistance mechanisms, working synergistically with conventional treatments. Cationic lipid nanoparticles delivering CRISPR/Cas9 ribonucleoproteins to specifically knock out the BRAF V600E oncogenic mutation in melanoma can induce tumor cell death and enhance sensitivity to other drugs (Yang et al., 2024). In the future, such gene-editing therapies are expected to be combined with immunotherapy to form new synergistic modalities.
In recent years, the continuous emergence of various synergistic approaches reflects the concept of integrating multiple therapies on a nanoplatform to achieve comprehensive treatment. Whether it is the combination of physical therapies (light, radiation, heat) with chemical and biological therapies, or the integration of cutting-edge genetic engineering with immunotherapy, nanomaterials have provided the required multifunctional carriers and spatial convergence mechanisms. By targeting tumor cells with a combination of methods, nanosystems overcome the blind spots of monotherapy. These emerging synergistic mechanisms have demonstrated effective antitumor effects at the experimental level and are expected to further enrich the methods of comprehensive melanoma treatment (Table 1).
TABLE 1 | Nanomaterials in synergistic therapy of melanoma.	Materials	Mechanism of action	Synergistic strategy	Experimental model	Therapeutic efficacy	Ref.
	MS-275 (HDAC inhibitor), V-9302 (glutamine metabolism inhibitor), ROS-responsive nanoparticles	Induction of ROS storm and pyroptosis by inhibiting the mTOR pathway and reducing GSH levels, enhancing immune cell infiltration, and converting “immune-cold” tumors to “immune-hot” tumors	Co-delivery of MS-275 and V-9302 using ROS-responsive nanoparticles to synergistically induce ROS storm and pyroptosis	In vitro: OCM-1, MUM-2B, and 92.1 cell lines; In vivo: BALB/c nude mouse model with OCM-1 cells, C57BL/6 mouse model with B16-F10 cells	Significant inhibition of cell proliferation and induction of pyroptosis in vitro; marked tumor growth inhibition and enhanced anti-tumor immunity in vivo, with long-term immune memory when combined with α-PD-1	Ren et al. (2024a)
	CoFe2−xDyxO4 nanoparticles, hydroxypropyl-γ-cyclodextrin (HPGCD)	Disruption of the mTOR pathway and glutathione metabolism, leading to apoptosis	Dysprosium (Dy)-doped cobalt ferrite (CoFe2O4) nanoparticles synthesized by combustion and coated with HPGCD to enhance dispersion and biocompatibility	In vitro: A375 melanoma cells, MCF-7 breast cancer cells, and HaCaT normal keratinocytes	Significant cytotoxicity in melanoma and breast cancer cells with minimal effects on normal keratinocytes; apoptosis confirmed by nuclear fragmentation, cell shrinkage, and changes in protein expression levels of caspase-9, p53, and cyclin D1	Rotunjanu et al. (2023)
	Various nanocarriers (liposomes, niosomes, transferosomes, ethosomes, cubosomes, dendrimers, cyclodextrins, solid lipid nanoparticles, carbon nanotubes)	Enhanced skin penetration, stability, and bioavailability of drugs through various nanocarriers, increasing drug accumulation in tumor cells and inhibiting proliferation and metastasis	Development of different nanocarriers with surface modifications and targeting ligands to improve drug delivery efficiency	In vitro: melanoma cell lines (A375, B16F10); In vivo: Mouse models	Multiple nanocarriers demonstrated inhibitory effects on melanoma cell proliferation in vitro, with some showing significant tumor growth inhibition and reduced lung metastasis in vivo, improved skin penetration, and enhanced drug accumulation in tumor cells	Saeidi et al. (2023)
	Gold nanostars (Au NSs), thiol-modified polyethylene glycol (PEG-SH)	Photothermal conversion of near-infrared (NIR) laser energy into heat by Au NSs, leading to cancer cell death through apoptosis and photothermolysis	Utilization of the intercellular trafficking capability of uveal melanoma cells to redistribute Au NSs between cells, enhancing photothermal therapy efficiency	In vitro: Uveal melanoma cells; Laser: 800 nm Ti:sapphire femtosecond pulse laser	Pulse laser High photothermal therapy (PPTT) efficiency achieved after multiple cell division cycles with low initial Au NS concentrations (2 pM and 8 pM). Effective PPTT observed even after mixing Au NS-loaded and non-loaded cells, maintaining photothermal properties through several division cycles. Potential for co-therapy to disperse plasmonic gold nanostructures across affected tissues, increasing the effectiveness of classic PPTT	Ahijado-Guzmán et al. (2020)
	Amino-functionalized mesoporous silica nanoparticles (MSN-NH2)	MSN-NH2 enhances drug adsorption and loading capacity through amino functionalization, particularly for 5-FU and DEX.	Combination of 5-FU and DEX delivered via MSN-NH2 to enhance antitumor efficacy against melanoma	HT-144 melanoma cell line	MSN-NH2 exhibited no toxicity to melanoma cells but significantly enhanced the cytotoxicity of 5-FU and DEX when loaded with drugs	Almomen et al. (2020)
	Prussian blue nanoparticles (PBNPs)	PBNP-PTT (photothermal therapy) induces immunogenic cell death (ICD) in melanoma cells, releasing tumor antigens and upregulating markers associated with antigen presentation and immune cell co-stimulation (e.g., CD80, CD86, MHC-I, CD137L)	PBNP-PTT provides local tumor ablation and immunogenicity, releasing tumor antigens that prime the immune system	In vitro studies using murine SM1 and human WM9/WM793 melanoma cell lines	PBNP-PTT alone eliminated primary tumors but did not generate long-term immunological memory or eliminate distal tumors	Balakrishnan et al. (2022)
	Polyethylene glycol (PEG)-modified doxorubicin (DOX) encapsulated nanoparticles (DOX-NP)	WEC treatment enhances the enhanced permeability and retention (EPR) effect in tumors, leading to increased intratumor accumulation of DOX-NP.	Combination of DOX-NP with WEC leverages the enhanced intratumor delivery of nanoparticles and direct anticancer activity of WEC.	In vitro studies using B16-F1 murine melanoma cells	WEC treatment resulted in a 2.3-fold higher intratumor accumulation of DOX-NP compared to untreated controls	Khatun et al. (2022)
	Bovine serum albumin (BSA)-coated silver nanoparticles (BSA-Silver NPs)	BSA-Silver NPs induce cytotoxic effects on B16F10 melanoma cells through oxidative stress-mediated reactive oxygen species (ROS) generation	Combination of BSA-Silver NPs with photothermal therapy leverages the cytotoxic effects of ROS generation and hyperthermia-induced cell death	In vitro studies using B16F10 murine melanoma cells	BSA-Silver NPs showed significant cytotoxicity on B16F10 cells with an IC50 value of 65.8 ± 9.2 µM	Kim et al. (2021a)
	Pluronic® F127 copolymer	Biotin, spermine, and folic acid are covalently linked to the F127 copolymer to form targeted micelles	Combination of biotin, spermine, and folic acid with the F127 copolymer micelles leverages their targeting capabilities to improve HY delivery to melanoma cells	In vitro studies using B16F10 murine melanoma cells	HY-loaded F127-BT, F127-SN, and F127-FA micelles showed enhanced photodynamic activity against B16F10 cells compared to non-modified F127 micelles	De Morais et al. (2022)
	Genipin	Genipin crosslinks with polyamines to form cationic polymers	Adjusting the glycine-to-genipin molar ratio to optimize polymer size, zeta potential, and siRNA complexation ability	B16F10 murine melanoma cells	Efficient siRNA delivery to B16F10 cells with up to 60% gene knockdown efficiency	Della Pelle et al. (2024)
	Hollow mesoporous copper sulfide (CuS) nanoparticles	CuS NPs serve as carriers for PMS and generate heat upon NIR-II laser irradiation (1064 nm)	NIR-II laser irradiation (1064 nm) provides deep tissue penetration and efficient photothermal conversion	In vitro studies using B16F10 murine melanoma cells	Efficient production of sulfate radicals and hydroxyl radicals in an oxygen-independent manner, overcoming limitations of hypoxia and low H2O2 content in tumor microenvironments	Ding et al. (2022)
	Gold nanoparticles (AuNPs) coated with a mixture of hyaluronic acid (HA) and oleic acid (OA)	AuNPs absorb NIR light and convert it into heat, causing local hyperthermia	NIR laser irradiation enhances the photothermal effect of AuNPs	In vitro studies: Murine B16F10 and human A375 melanoma cell lines	Combined therapy significantly reduced cell viability in both B16F10 and A375 cell lines, with a pronounced effect at higher AuNP concentrations	Lopes et al. (2025)
	Copper oxide nanoparticles (CuO NPs)	ES@CuO NPs release Cu2+ and ES in the acidic tumor microenvironment	ES@CuO NPs trigger cuproptosis, which enhances the release of DAMPs and promotes lymphocyte infiltration	In vitro: Murine B16 melanoma cell line	ES@CuO NPs alone significantly inhibited tumor growth in B16 melanoma cells and promoted cuproptosis in vitro and in vivo	Lu et al. (2024)
	Gadolinium-DOTA (Gd-DOTA)	Gd-DOTA/DOX-loaded nanodroplets (NDs) encapsulate DOX and Gd for MRI-guided drug delivery	Ultrasound exposure enhances the release of DOX from NDs, increasing drug concentration at the tumor site	In vitro: B16F10 melanoma cancer cells and L929 normal fibroblast cells	Gd-DOTA/DOX NDs exhibited high stability and biocompatibility in vitro and in vivo	Maghsoudinia et al. (2022)
	Six melanoma helper peptides (6MHP)	Nanoliposomes encapsulate melanoma helper peptides and KDO2 to enhance immune responses	Co-delivery of peptides and KDO2 in a single nanoliposome formulation ensures simultaneous delivery to APCs	In vitro: Peripheral blood mononuclear cells (PBMC) and sentinel immunized nodes (SIN) from melanoma patients	Nanoliposomes demonstrated stable size distribution and high encapsulation efficiency for all six peptides	Salotto et al. (2022)
	Cholic acid-poly (lactide-co-glycolide)-b-polyethylene glycol (CA-PLGA-b-PEG)	AS1411 aptamer binds specifically to nucleolin, which is overexpressed on the surface of malignant melanoma cells, enabling active targeting of DTIC-loaded nanoparticles to tumor cells	AS1411 modification on nanoparticles enhances specific uptake by tumor cells expressing nucleolin, improving the therapeutic index	Human melanoma A875 cells	DTIC-NPs-Apt exhibited the strongest cytotoxicity against A875 cells, with an IC50 value less than half of that of DTIC-NPs. The viability of A875 cells treated with DTIC-NPs-Apt was significantly lower than that treated with free DTIC or DTIC-NPs	Xiong et al. (2022)
	Poly (N-vinylcaprolactam) (PVCL) nanogels (NGs)	The PVCL NGs are crosslinked by disulfide bonds, which are cleaved in the presence of high glutathione (GSH) levels in the tumor microenvironment, leading to the release of Mn2+ ions for enhanced T1-weighted MRI and DOX for chemotherapy.v	The NGs integrate diagnostic (T1-weighted MRI) and therapeutic (chemotherapy) functions in a single platform	B16 melanoma cells were used to evaluate the cytotoxicity, cellular uptake, and redox-responsive release of DOX/MnO2@PVCL NGs	DOX/MnO2@PVCL NGs showed significantly enhanced cytotoxicity against B16 cells compared to free DOX, especially when combined with UTMD. Cellular uptake studies demonstrated that UTMD significantly increased the internalization of NGs by tumor cells	Xu et al. (2020)
	Transdermal photothermal nanosensitizer (FSGG) loading Gal-9 siRNA (FSGG/siGal-9	GNR-MUA converts NIR light into heat, causing localized hyperthermia to destroy tumor cells	The synergistic effects of photothermal therapy and Gal-9 silencing enhance anti-tumor efficacy	B16-F10 murine melanoma cells	FSGG/siGal-9 significantly reduced Gal-9 expression in B16-F10 cells, enhanced the photothermal killing of tumor cells, and promoted T cell proliferation and cytotoxicity	Ren et al. (2024b)


Theranostic nanoparticles and other multifunctional nanomaterials that combine therapeutic and diagnostic properties are revolutionary in contemporary medicine, especially when it comes to the treatment of cancer. By combining targeted therapeutic delivery with cutting-edge imaging modalities, these nanoparticles allow for the simultaneous diagnosis and treatment of conditions like melanoma. In order to create a dual-purpose platform for MRIDTIC and photothermal imaging (PI), manganese-doped mesoporous silica nanoparticles (MSN(Mn)) have been engineered to incorporate chemotherapeutic agents like dacarbazine (DTIC) and photothermal agents like ICG (Zhang et al., 2021). This integration greatly improves the precision and efficacy of melanoma treatment by enabling accurate tumor localization and real-time therapeutic efficacy monitoring. The MSN(Mn)-ICG/DTIC system showed outstanding photothermal heating capabilities, high drug-loading efficiency, and superior biocompatibility, all of which add to its strong antitumor effects in vivo and in vitro (Zhang et al., 2021). By using the special physicochemical characteristics of nanomaterials to achieve localized and controlled drug release, these innovations overcome the drawbacks of conventional therapies, such as poor target specificity and systemic toxicity (Nima et al., 2019; Zhang et al., 2021).
Superparamagnetic iron oxide or gold nanoparticles, which function as MRI contrast agents or photothermal ablation tools, respectively, are examples of inorganic cores with exploitable physical properties that are frequently incorporated into theranostic nanoparticle designs (Mikhaylov et al., 2022; Lin and Zhang, 2023). To improve biocompatibility and immunological stealth, these cores are usually coated with bioinert materials. Additional functional ligands are then added to help with tumor recognition and targeted drug delivery (Lin and Zhang, 2023). High-resolution imaging of deep tissues is made possible by magnetic cobalt ferrite spinel (MCFS) nanoparticles, which are sophisticated MRI contrast agents that can enhance contrast in both T1-weighted positive and T2-weighted negative ways (Mikhaylov et al., 2022). MCFS nanoparticles have shown their dual utility in imaging and cancer treatment by being employed as nanocarriers for targeted drug delivery (Mikhaylov et al., 2022). Sophisticated molecular design and exact assembly techniques enable the nanoparticles to cross biological barriers and accumulate preferentially at tumor sites, thereby achieving this multifunctionality (Lin and Zhang, 2023).
The creation of multifunctional theranostic nano-agents by combining fluorescent dyes with discrete Pt (II) metallacycles is another creative example. High signal-to-background ratios and advantageous tumor distribution profiles are provided by these agents’ dual-modal imaging capabilities, which include photoacoustic imaging and second near-infrared (NIR-II) imaging (Sun et al., 2019). The nano-agents provide chemo-photothermal synergistic therapy guided by these imaging modalities, which leads to better antitumor performance and fewer side effects than stand-alone treatments (Sun et al., 2019)
Natural magnetic nanoparticles (nMNPs) derived from magnetotactic bacteria have been used as high-contrast photoacoustic probes and photothermal agents in triple-negative breast cancer, demonstrating how nanomaterials can be integrated with sophisticated imaging techniques to treat other cancer types (Nima et al., 2019). Low-energy laser pulses can be used to detect and photomechanically kill chemotherapy-resistant cancer cells thanks to these bioinspired hybrids, gold nanorods, and folic acid (Nima et al., 2019). These nanoparticles enable real-time tracking of circulating tumor cells in the bloodstream by facilitating super-resolution photoacoustic flow cytometry (Nima et al., 2019). These features demonstrate the adaptability of multifunctional nanomaterials in tackling the difficulties associated with cancer diagnosis and treatment, especially when traditional therapies prove ineffective.
Advances in ligand chemistry, which are essential for converting theoretical designs into functional nanosystems, further support the development of theranostic nanoparticles (Lin and Zhang, 2023). To ensure compatibility and synergistic functionality, capping ligands, drug-loading ligands, and targeting ligands are arranged hierarchically. Targeting ligands improve tumor specificity, and biodegradable moieties added to drug-loading ligands allow for intelligent drug release (Lin and Zhang, 2023). Personalized cancer medicine is made possible by this modular design approach, which enables nanoparticles to be tailored to the unique needs of various cancer types and treatment plans (Lin and Zhang, 2023). A paradigm shift in the treatment of cancer is represented by multifunctional nanomaterials that combine therapeutic and diagnostic properties. These nanoparticles provide previously unheard-of levels of safety, efficacy, and precision in the diagnosis and treatment of conditions like melanoma by fusing cutting-edge imaging methods with targeted drug delivery. Such theranostic platforms have enormous potential to improve patient outcomes and advance the field of nanomedicine if they are developed further, aided by advancements in ligand chemistry and materials science. To fully realize the potential of these multifunctional nanomaterials in personalized cancer therapy, future research should concentrate on improving their biocompatibility, scalability, and clinical translation.
5 CHALLENGES IN PRECLINICAL RESEARCH AND TRANSLATION
Nanomaterial-based synergistic therapies have demonstrated significant potential in experimental studies; however, translating these therapies from the laboratory to the clinic remains fraught with challenges. This section will discuss the difficulties in clinical translation, current progress, and future prospects (Hassan et al., 2017).
Although the therapeutic efficacy of nanomaterials in vivo is promising, their long-term safety must be thoroughly evaluated. Some nanoparticles, particularly certain polymeric or inorganic materials, may exhibit poor physical stability or accumulation in the body, potentially leading to toxicity (Duan et al., 2018; Wu et al., 2022; Zeng H. et al., 2022). Reports have indicated that certain polymeric nanoparticles display higher toxic side effects in animal models, such as triggering inflammation or organ damage, which has impeded their clinical advancement (Zeng H. et al., 2022). Upon entering the bloodstream, nanoparticles can adsorb plasma proteins to form a protein corona, altering their distribution and clearance pathways and potentially activating the complement or coagulation systems (Shreffler et al., 2019). The immune system’s recognition and clearance of nanomaterials may also be stronger than anticipated, thereby reducing effective drug delivery and increasing the risk of immune-related adverse reactions (Shreffler et al., 2019; Czarnecka J. et al., 2020). Therefore, it is essential to optimize the material composition and surface properties of nanocarriers in preclinical studies to balance therapeutic efficacy with biocompatibility. This includes using more biodegradable and less toxic materials, as well as stable surface modifications, to ensure the safety of nanodrugs in humans.
The success of nanotherapies in animal models does not necessarily translate to similar efficacy in humans, and this cross-species translatability is one of the major challenges. On the one hand, the EPR effect in human tumors is highly variable, and not all patient tumors exhibit sufficient vascular permeability to allow efficient entry of nanodrugs (Barani et al., 2021; Moni et al., 2025). Some human melanomas have poor blood supply or dense stroma, which may result in lower delivery efficiency of nanodrugs compared to what is observed in mouse models (Moni et al., 2025). On the other hand, differences in the immune system and anatomical size between mouse models and humans may lead to new issues regarding the distribution, clearance, and immune interactions of nanodrugs in the human body. For example, some nanotherapeutic formulations that perform well in mice have been terminated in Phase II clinical trials due to insufficient efficacy or safety concerns (Corbo et al., 2016; Shreffler et al., 2019). Statistics show that the vast majority of nanodrugs that have entered clinical trials have yet to pass Phase II validation, which is closely related to the aforementioned translational difficulties (Shreffler et al., 2019). Therefore, enhancing the predictive power of animal studies, developing models that more closely resemble human conditions, and conducting more detailed pharmacokinetic and biodistribution studies are crucial for bridging the gap between experimental research and clinical application (Schäfer et al., 2022). Melanoma patients exhibit significant heterogeneity in the molecular characteristics and microenvironments of their tumors, making the optimization of nanosynergistic therapies for individual patients a complex challenge. Personalized treatment demands comprehensive molecular diagnostics of the patient’s tumor, followed by the tailoring of a bespoke therapeutic regimen. The inherent customizability of nanodrugs must align with this requirement. Tumors from different patients may necessitate distinct targeting ligands or drug combinations, imposing higher demands on the modular design and production of nanotherapeutics (Moni et al., 2025). However, in practice, this involves small-scale, customized manufacturing of nanodrugs, for which the processes, quality control, and regulatory frameworks are still underdeveloped.
6 FUTURE PERSPECTIVES
Despite the aforementioned challenges, several nanomaterials have already entered clinical trials for the treatment of melanoma. This study aims to leverage the synergy between nanochemotherapy and anti-angiogenic/immunotherapy to assess whether it can improve the response rate and survival of patients with advanced disease. However, to date, very few nanodrugs for melanoma have been truly approved by regulatory authorities. Most projects are still in Phase I/II trials, and more data are needed to demonstrate their superiority over standard treatments in terms of efficacy and safety.
With the integration of nanotechnology with other cutting-edge therapies (such as gene editing and CAR-T cell therapy), more innovative clinical strategies are expected to emerge in the future (Li et al., 2019; Lakshmanan et al., 2021; Xi et al., 2022). It can be anticipated that future clinical evaluations of nanosynergistic therapies will place greater emphasis on optimizing combination therapies, such as selecting the optimal nanodose and timing of immunotherapy, and identifying biomarkers that can predict response (Dai et al., 2022; Nguyen et al., 2022; Overchuk et al., 2023). This will help determine which patients are most likely to benefit from specific nanosynergistic regimens.
In order to improve antitumor effects in a murine model of melanoma, a study investigates the creation of a novel immunogenic compound, SZU-119, which combines a TLR7 agonist (SZU-101) with the small-molecule BRD4 inhibitor JQ-1 (Wang X. et al., 2021). In vitro, the compound, which was created by chemical conjugation, showed promise in activating TLR7 signaling and suppressing PD-L1 expression. In vivo tests showed that SZU-119 increased the infiltration of CD8+ cytotoxic T cells into tumors, prolonged mouse survival, and significantly suppressed tumor growth at both injected and uninjected sites. By simultaneously targeting innate and adaptive immune responses, this study demonstrates SZU-119’s potential as a promising agent for melanoma immunotherapy and provides fresh information for the creation of anti-melanoma medications (Wang X. et al., 2021).
A new nanocomposite (NC) for multimodal cancer treatment that combines immune checkpoint blockade therapy (ICBT), chemotherapy, and PTT to improve antitumor efficacy and create long-term immune memory (Mei et al., 2022). The NC is made up of anti-PD-L1 antibodies (aPD-L1) for targeted immune therapy, polymetformin (PolyMet) as a chemotherapeutic agent, and black phosphorus nanosheets (BPN) as a photothermal agent. By using BPN’s photothermal effect to create localized hyperthermia, the combination improves drug release and increases PD-L1 expression in tumor cells, allowing aPD-L1 to target them precisely. Synergistic antitumor effects result from this positive feedback mechanism, which increases the NC’s accumulation in tumor sites (Mei et al., 2022).
Another study uses the small molecule inhibitor JQ1 to investigate the therapeutic potential of BET bromodomain inhibition in castration-resistant prostate cancer (CRPC) (Asangani et al., 2014). It demonstrates how sensitive CRPC cells with active androgen receptor (AR) signaling are to JQ1, which interferes with BRD4-AR interaction, preventing AR-mediated gene transcription and slowing tumor growth. JQ1 blocks AR target gene expression and BRD4 localization more successfully than direct AR antagonists because it acts downstream of AR. In xenograft models, JQ1 treatment outperforms MDV3100 in terms of tumor weight and volume reduction. This study highlights BET bromodomain inhibitors’ potential as a novel therapeutic approach for CRPC and raises the possibility that similar strategies could be helpful in other cancers, such as melanoma, where transcriptional dysregulation is a major driver (Asangani et al., 2014).
The new uses of violet phosphorus (VP) nanomaterials in biomedicine are highlighted in a review paper (Mei et al., 2025). In comparison to black phosphorus, VP, including bulk VP, VP nanosheets (VPNs), and VP quantum dots (VPQDs), offers special qualities like a tunable bandgap, good biodegradability, and increased stability. Because of these properties, VP nanomaterials hold promise for biosensing, antibacterial therapy, and anticancer therapy (Mei et al., 2025). Notwithstanding these developments, there are still issues with clinical translation, thorough property exploration, and scalable production. In order to fully utilize VP nanomaterials in biomedical applications, including the treatment of melanoma, these problems must be resolved.
Reprogramming the TME with biomineralized bacterial outer membrane vesicles (OMVs) to improve cancer immunotherapy. Gram-negative bacteria are the source of OMVs, which have immunostimulatory components but have drawbacks like quick clearance and toxicity when administered intravenously (Qing et al., 2020). In order to solve these problems, scientists created OMV@CaPs by encasing OMVs in calcium phosphate (CaP) shells (Qing et al., 2020). These CaP shells dissolved in the acidic TME, neutralizing the tumor pH and encouraging M2-to-M1 macrophage polarization, in addition to protecting OMVs from immune clearance. In mouse models, the OMV@CaPs dramatically reduced tumor growth and increased survival rates. The study also showed how OMV@CaPs could be functionalized with photosensitizers and targeting ligands to improve tumor targeting and photothermal therapy. This adaptable platform presents a viable approach to overcoming immunosuppressive TMEs and enhancing the results of cancer treatment.
Future nanotherapies will become increasingly intelligent and autonomous, capable of self-regulation in response to changes in the tumor microenvironment. Some researchers have proposed leveraging artificial intelligence (AI) to design nanoparticles, incorporating vast amounts of biological data into models to optimize the formulation and dosing regimens of nanodrugs, thereby achieving AI-driven nanoprecision medicine. With the advancement of tumor molecular diagnostics, the mutational profiles and immune landscapes of individual melanoma patients will become increasingly clear. Future nanotherapies can be integrated with such precise diagnostics to form truly patient-centered individualized treatment plans. The future of nanomedicine will also benefit from the convergence of materials science, bioengineering, and computer science. Novel nanomaterials, such as DNA origami nanostructures, self-assembling peptides, and hydrogel microparticles, will continue to emerge, providing additional tools for synergistic therapy. Nanorobots and actively motile nanocarriers are also under exploration, with the potential to autonomously navigate to tumors within the body and enhance delivery efficiency. Interdisciplinary collaboration will help address some of the current bottlenecks in nanotherapy, such as achieving more sensitive in vivo monitoring with new materials like quantum dots and safer carrier degradation with biodegradable materials.
Nanomaterial-driven synergistic therapy is paving new directions for the comprehensive treatment of melanoma. Mechanistically, it overcomes the limitations of monotherapy by delivering multi-level attacks at the molecular, cellular, and organ levels. In terms of efficacy, preclinical studies have demonstrated significant potential in improving therapeutic outcomes, overcoming drug resistance, and reducing recurrence. Of course, clinical translation still faces many challenges, including addressing safety, manufacturing, and regulatory issues. However, with scientific progress and multidisciplinary collaboration, these barriers are expected to be gradually overcome.
AUTHOR CONTRIBUTIONS
YZ: Writing – review and editing, Investigation, Writing – original draft, Methodology, Formal Analysis. XL: Funding acquisition, Formal Analysis, Resources, Data curation, Supervision, Writing – review and editing. GW: Formal Analysis, Methodology, Supervision, Writing – original draft, Writing – review and editing, Resources.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by grants from Norman Bethune Project of Jilin University (2024B10).
ACKNOWLEDGMENTS
We would like to acknowledge our cooperators for assistance in data collection.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
REFERENCES
	Ahijado-Guzmán, R., Sánchez-Arribas, N., Martínez-Negro, M., González-Rubio, G., Santiago-Varela, M., Pardo, M., et al. (2020). Intercellular trafficking of gold nanostars in uveal melanoma cells for plasmonic photothermal therapy. Nanomaterials 10, 590. doi:10.3390/nano10030590

	Alharbi, B., Qanash, H., Binsaleh, N. K., Alharthi, S., Elasbali, A. M., Gharekhan, C. H., et al. (2023). Proof of concept nanotechnological approach to in vitro targeting of malignant melanoma for enhanced immune checkpoint inhibition. Sci. Rep. 13, 7462. doi:10.1038/s41598-023-34638-2

	Allami, P., Heidari, A., and Rezaei, N. (2023). The role of cell membrane-coated nanoparticles as a novel treatment approach in glioblastoma. Front. Mol. Biosci. 9, 1083645. doi:10.3389/fmolb.2022.1083645

	Almomen, A., El-Toni, A. M., Badran, M., Alhowyan, A., Abul Kalam, M., Alshamsan, A., et al. (2020). The design of anionic surfactant-based amino-functionalized mesoporous silica nanoparticles and their application in transdermal drug delivery. Pharmaceutics 12, 1035. doi:10.3390/pharmaceutics12111035

	Amaral, T., Seeber, O., Mersi, E., Sanchez, S., Thomas, I., Meiwes, A., et al. (2020). Primary resistance to PD-1-Based immunotherapy—A study in 319 patients with stage IV melanoma. Cancers 12, 1027. doi:10.3390/cancers12041027

	Anagnostou, V., Bruhm, D. C., Niknafs, N., White, J. R., Shao, X. M., Sidhom, J. W., et al. (2020). Integrative tumor and immune cell multi-omic analyses predict response to immune checkpoint blockade in melanoma. Cell Rep. Med. 1, 100139. doi:10.1016/j.xcrm.2020.100139

	Aninditha, K. P., Weber, K. J., Brons, S., Debus, J., and Hauswald, H. (2019). In vitro sensitivity of malignant melanoma cells lines to photon and heavy ion radiation. Clin. Transl. Radiat. Oncol. 17, 51–56. doi:10.1016/j.ctro.2019.06.002

	Argenziano, M., Bessone, F., Dianzani, C., Cucci, M. A., Grattarola, M., Pizzimenti, S., et al. (2022). Ultrasound-responsive Nrf2-Targeting siRNA-Loaded nanobubbles for enhancing the treatment of melanoma. Pharmaceutics 14, 341. doi:10.3390/pharmaceutics14020341

	Asangani, I. A., Dommeti, V. L., Wang, X., Malik, R., Cieslik, M., Yang, R., et al. (2014). Therapeutic targeting of BET bromodomain proteins in castration-resistant prostate cancer. Nature 510, 278–282. doi:10.1038/nature13229

	Asher, N., Marom, E. M., Ben-Betzalel, G., Baruch, E. N., Steinberg-Silman, Y., Schachter, J., et al. (2019). Recurrent pneumonitis in patients with melanoma treated with immune checkpoint inhibitors. Oncol. 24, 640–647. doi:10.1634/theoncologist.2018-0352

	Atukorale, P. U., Raghunathan, S. P., Raguveer, V., Moon, T. J., Zheng, C., Bielecki, P. A., et al. (2019). Nanoparticle encapsulation of synergistic immune agonists enables systemic codelivery to tumor sites and IFNβ-Driven antitumor immunity. Cancer Res. 79, 5394–5406. doi:10.1158/0008-5472.CAN-19-0381

	Balakrishnan, P. B., Ledezma, D. K., Cano-Mejia, J., Andricovich, J., Palmer, E., Patel, V. A., et al. (2022). CD137 agonist potentiates the abscopal efficacy of nanoparticle-based photothermal therapy for melanoma. Nano Res. 15, 2300–2314. doi:10.1007/s12274-021-3813-1

	Barani, M., Hosseinikhah, S. M., Rahdar, A., Farhoudi, L., Arshad, R., Cucchiarini, M., et al. (2021). Nanotechnology in bladder cancer: diagnosis and treatment. Cancers 13, 2214. doi:10.3390/cancers13092214

	Beberok, A., Rzepka, Z., Rok, J., Banach, K., and Wrześniok, D. (2020). UVA radiation enhances Lomefloxacin-Mediated cytotoxic, growth-inhibitory and pro-apoptotic effect in human melanoma cells through excessive reactive oxygen species generation. IJMS 21, 8937. doi:10.3390/ijms21238937

	Bellucci, R., Martin, A., Bommarito, D., Wang, K. S., Freeman, G. J., and Ritz, J. (2013). JAK1 and JAK2 modulate tumor cell susceptibility to natural killer (NK) cells through regulation of PDL1 expression. Blood 122, 3472. doi:10.1182/blood.V122.21.3472.3472

	Bemidinezhad, A., Radmehr, S., Moosaei, N., Efati, Z., Kesharwani, P., and Sahebkar, A. (2024). Enhancing radiotherapy for melanoma: the promise of high-Z metal nanoparticles in radiosensitization. Nanomedicine 19, 2391–2411. doi:10.1080/17435889.2024.2403325

	Bi, Y., Chen, J., Li, Q., Li, Y., Zhang, L., Zhida, L., et al. (2024). Tumor-derived extracellular vesicle drug delivery system for chemo-photothermal-immune combination cancer treatment. iScience 27, 108833. doi:10.1016/j.isci.2024.108833

	Boer, F. L., Ten Eikelder, M. L. G., Kapiteijn, E. H., Creutzberg, C. L., Galaal, K., and Van Poelgeest, M. I. E. (2019). Vulvar malignant melanoma: pathogenesis, clinical behaviour and management: review of the literature. Cancer Treat. Rev. 73, 91–103. doi:10.1016/j.ctrv.2018.12.005

	Bogéa, G. M. R., Silva-Carvalho, A. É., Filiú-Braga, L. D. D. C., Neves, F. D. A. R., and Saldanha-Araujo, F. (2022). The inflammatory status of soluble microenvironment influences the capacity of melanoma cells to control T-Cell responses. Front. Oncol. 12, 858425. doi:10.3389/fonc.2022.858425

	Bruno, P. M., Liu, Y., Park, G. Y., Murai, J., Koch, C. E., Eisen, T. J., et al. (2017). A subset of platinum-containing chemotherapeutic agents kills cells by inducing ribosome biogenesis stress. Nat. Med. 23, 461–471. doi:10.1038/nm.4291

	Buskaran, K., Hussein, M. Z., Moklas, M. A. M., Masarudin, M. J., and Fakurazi, S. (2021). Graphene oxide loaded with protocatechuic acid and chlorogenic acid dual drug nanodelivery system for human hepatocellular carcinoma therapeutic application. IJMS 22, 5786. doi:10.3390/ijms22115786

	Cai, R., Wang, M., Liu, M., Zhu, X., Feng, L., Yu, Z., et al. (2023). An iRGD -conjugated photothermal therapy-responsive gold nanoparticle system carrying siCDK7 induces necroptosis and immunotherapeutic responses in lung adenocarcinoma. Bioeng. and Transla Med 8, e10430. doi:10.1002/btm2.10430

	Chan, T. A., Yarchoan, M., Jaffee, E., Swanton, C., Quezada, S. A., Stenzinger, A., et al. (2019). Development of tumor mutation burden as an immunotherapy biomarker: utility for the oncology clinic. Ann. Oncol. 30, 44–56. doi:10.1093/annonc/mdy495

	Chen, C.-F., Ruiz-Vega, R., Vasudeva, P., Espitia, F., Krasieva, T. B., De Feraudy, S., et al. (2017). ATR mutations promote the growth of melanoma tumors by modulating the immune microenvironment. Cell Rep. 18, 2331–2342. doi:10.1016/j.celrep.2017.02.040

	Chen, H., Hou, K., Yu, J., Wang, L., and Chen, X. (2022). Nanoparticle-based combination therapy for melanoma. Front. Oncol. 12, 928797. doi:10.3389/fonc.2022.928797

	Chen, Z., Li, S., Li, F., Qin, C., Li, X., Qing, G., et al. (2023). DNA damage inducer mitoxantrone amplifies synergistic mild-photothermal chemotherapy for TNBC via decreasing heat shock protein 70 expression. Adv. Sci. 10, 2206707. doi:10.1002/advs.202206707

	Cheng, T.-M., Chu, H.-Y., Huang, H.-M., Li, Z.-L., Chen, C.-Y., Shih, Y.-J., et al. (2022). Toxicologic concerns with current medical nanoparticles. IJMS 23, 7597. doi:10.3390/ijms23147597

	Cho, Y., Chang, J. S., Yoon, J. S., Lee, S. C., Kim, Y. B., Kim, J. H., et al. (2018). Ruthenium-106 brachytherapy with or without additional local therapy shows favorable outcome for variable-sized choroidal melanomas in Korean patients. Cancer Res. Treat. 50, 138–147. doi:10.4143/crt.2016.391

	Chu, Y., Qian, L., Ke, Y., Feng, X., Chen, X., Liu, F., et al. (2022). Lymph node-targeted neoantigen nanovaccines potentiate anti-tumor immune responses of post-surgical melanoma. J. Nanobiotechnol 20, 190. doi:10.1186/s12951-022-01397-7

	Corbo, C., Molinaro, R., Parodi, A., Toledano Furman, N. E., Salvatore, F., and Tasciotti, E. (2016). The impact of nanoparticle protein Corona on cytotoxicity, immunotoxicity and target drug delivery. Nanomedicine (Lond.) 11, 81–100. doi:10.2217/nnm.15.188

	Courneya, K. S., Vardy, J. L., O’Callaghan, C. J., Gill, S., Friedenreich, C. M., Wong, R. K. S., et al. (2025). Structured exercise after adjuvant chemotherapy for Colon cancer. N. Engl. J. Med. 393, 13–25. doi:10.1056/NEJMoa2502760

	Cunha, C., Daniel-da-Silva, A. L., and Oliveira, H. (2022). Drug delivery systems and flavonoids: current knowledge in melanoma treatment and future perspectives. Micromachines 13, 1838. doi:10.3390/mi13111838

	Czarnecka, A. M., Bartnik, E., Fiedorowicz, M., and Rutkowski, P. (2020a). Targeted therapy in melanoma and mechanisms of resistance. IJMS 21, 4576. doi:10.3390/ijms21134576

	Czarnecka, J., Wiśniewski, M., Forbot, N., Bolibok, P., Terzyk, A. P., and Roszek, K. (2020b). Cytotoxic or not? Disclosing the toxic nature of carbonaceous nanomaterials through nano–bio interactions. Materials 13, 2060. doi:10.3390/ma13092060

	Dai, Q., Cao, B., Zhao, S., and Zhang, A. (2022). Synergetic thermal therapy for cancer: state-Of-The-art and the future. Bioengineering 9, 474. doi:10.3390/bioengineering9090474

	Della Pelle, G., Bozic, T., Vukomanović, M., Sersa, G., Markelc, B., and Kostevšek, N. (2024). Efficient siRNA delivery to Murine melanoma cells via a novel genipin-based nano-polymer. Nanoscale Adv. 6, 4704–4723. doi:10.1039/D4NA00363B

	De Morais, F. A. P., De Oliveira, A. C. V., Balbinot, R. B., Lazarin-Bidóia, D., Ueda-Nakamura, T., De Oliveira Silva, S., et al. (2022). Multifunctional nanoparticles as high-efficient targeted hypericin system for Theranostic melanoma. Polymers 15, 179. doi:10.3390/polym15010179

	Deng, W., Ma, Y., Su, Z., Liu, Y., Liang, P., Huang, C., et al. (2021). Single-cell RNA-Sequencing analyses identify heterogeneity of CD8+ T cell subpopulations and novel therapy targets in melanoma. Mol. Ther. - Oncolytics 20, 105–118. doi:10.1016/j.omto.2020.12.003

	Department of Error (2023). Lancet402, 450. doi:10.1016/S0140-6736(23)01581-7

	Ding, D., Mei, Z., Huang, H., Feng, W., Chen, L., Chen, Y., et al. (2022). Oxygen-independent sulfate radical for stimuli-responsive tumor nanotherapy. Adv. Sci. 9, 2200974. doi:10.1002/advs.202200974

	Ding, G., Li, H., Zhao, J., Zhou, K., Zhai, Y., Lv, Z., et al. (2024). Nanomaterials for flexible neuromorphics. Chem. Rev. 124, 12738–12843. doi:10.1021/acs.chemrev.4c00369

	Du, B., Ma, C., Ding, G., Han, X., Li, D., Wang, E., et al. (2017). Cooperative strategies for enhancing performance of photothermal therapy (PTT) agent: optimizing its photothermal conversion and cell internalization ability. Small 13, 1603275. doi:10.1002/smll.201603275

	Duan, J., Liang, S., Feng, L., Yu, Y., and Sun, Z. (2018). Silica nanoparticles trigger hepatic lipid-metabolism disorder in vivo and in vitro. IJN 13, 7303–7318. doi:10.2147/IJN.S185348

	Dykman, L., Khlebtsov, B., and Khlebtsov, N. (2025). Drug delivery using gold nanoparticles. Adv. Drug Deliv. Rev. 216, 115481. doi:10.1016/j.addr.2024.115481

	El-Tani, Z., Duc, C., Gluecker, T., and Cottier, O. (2016). Intramammary metastatic melanoma of unknown primary origin in a 58-year old patient: a case report. J. Med. Case Rep. 10, 363. doi:10.1186/s13256-016-1117-y

	Falcomatà, C., Bärthel, S., Schneider, G., Rad, R., Schmidt-Supprian, M., and Saur, D. (2023). Context-specific determinants of the immunosuppressive tumor microenvironment in pancreatic cancer. Cancer Discov. 13, 278–297. doi:10.1158/2159-8290.CD-22-0876

	Fang, J., Islam, W., and Maeda, H. (2020). Exploiting the dynamics of the EPR effect and strategies to improve the therapeutic effects of nanomedicines by using EPR effect enhancers. Adv. Drug Deliv. Rev. 157, 142–160. doi:10.1016/j.addr.2020.06.005

	Galassi, C., and Galluzzi, L. (2023). Cancer stem cell immunoediting by IFNγ. Cell Death Dis. 14, 538. doi:10.1038/s41419-023-06079-2

	Georgoulias, G., and Zaravinos, A. (2022). Genomic landscape of the immunogenicity regulation in skin melanomas with diverse tumor mutation burden. Front. Immunol. 13, 1006665. doi:10.3389/fimmu.2022.1006665

	Giri, P. M., Banerjee, A., and Layek, B. (2023). A recent review on cancer nanomedicine. Cancers 15, 2256. doi:10.3390/cancers15082256

	Giustarini, G., Pavesi, A., and Adriani, G. (2021). Nanoparticle-based therapies for turning cold tumors hot: how to treat an immunosuppressive tumor microenvironment. Front. Bioeng. Biotechnol. 9, 689245. doi:10.3389/fbioe.2021.689245

	Goddard, Z. R., Marín, M. J., Russell, D. A., and Searcey, M. (2020). Active targeting of gold nanoparticles as cancer therapeutics. Chem. Soc. Rev. 49, 8774–8789. doi:10.1039/D0CS01121E

	Gollavelli, G., Ghule, A. V., and Ling, Y.-C. (2022). Multimodal imaging and phototherapy of cancer and bacterial infection by graphene and related nanocomposites. Molecules 27, 5588. doi:10.3390/molecules27175588

	Grover, P., Lo, S. N., Li, I., Kuijpers, A. M. J., Kreidieh, F., Williamson, A., et al. (2025). Efficacy of adjuvant therapy in patients with stage IIIA cutaneous melanoma. Ann. Oncol. 36, 807–818. doi:10.1016/j.annonc.2025.03.021

	Gu, B., Wang, B., Li, X., Feng, Z., Ma, C., Gao, L., et al. (2022). Photodynamic therapy improves the clinical efficacy of advanced colorectal cancer and recruits immune cells into the tumor immune microenvironment. Front. Immunol. 13, 1050421. doi:10.3389/fimmu.2022.1050421

	Guo, Y., Liu, Y., Wu, W., Ling, D., Zhang, Q., Zhao, P., et al. (2021). Indoleamine 2,3-dioxygenase (ido) inhibitors and their nanomedicines for cancer immunotherapy. Biomaterials 276, 121018. doi:10.1016/j.biomaterials.2021.121018

	Han, L., Wang, Y., Huang, X., Liu, F., Ma, C., Feng, F., et al. (2020). Specific-oxygen-supply functionalized core-shell nanoparticles for smart mutual-promotion between photodynamic therapy and gambogic acid-induced chemotherapy. Biomaterials 257, 120228. doi:10.1016/j.biomaterials.2020.120228

	Han, X., Zhang, J., Li, W., Huang, X., Wang, X., Wang, B., et al. (2025). The role of B2M in cancer immunotherapy resistance: function, resistance mechanism, and reversal strategies. Front. Immunol. 16, 1512509. doi:10.3389/fimmu.2025.1512509

	Hanoteau, A., Newton, J. M., Krupar, R., Huang, C., Liu, H.-C., Gaspero, A., et al. (2019). Tumor microenvironment modulation enhances immunologic benefit of chemoradiotherapy. Immunother. cancer 7, 10. doi:10.1186/s40425-018-0485-9

	Hassan, S., Prakash, G., Bal Ozturk, A., Saghazadeh, S., Farhan Sohail, M., Seo, J., et al. (2017). Evolution and clinical translation of drug delivery nanomaterials. Nano Today 15, 91–106. doi:10.1016/j.nantod.2017.06.008

	Hendrickx, A., Cozzio, A., Plasswilm, L., and Panje, C. M. (2020). Radiotherapy for Lentigo maligna and Lentigo maligna melanoma – a systematic review. Radiat. Oncol. 15, 174. doi:10.1186/s13014-020-01615-2

	Hoeppner, J., Brunner, T., Schmoor, C., Bronsert, P., Kulemann, B., Claus, R., et al. (2025). Perioperative chemotherapy or preoperative chemoradiotherapy in esophageal cancer. N. Engl. J. Med. 392, 323–335. doi:10.1056/NEJMoa2409408

	Hossain, S. M., Gimenez, G., Stockwell, P. A., Tsai, P., Print, C. G., Rys, J., et al. (2022). Innate immune checkpoint inhibitor resistance is associated with melanoma sub-types exhibiting invasive and de-differentiated gene expression signatures. Front. Immunol. 13, 955063. doi:10.3389/fimmu.2022.955063

	Hu, X., Li, J., Fu, M., Zhao, X., and Wang, W. (2021). The JAK/STAT signaling pathway: from bench to clinic. Sig Transduct. Target Ther. 6, 402. doi:10.1038/s41392-021-00791-1

	Huang, A. C., and Zappasodi, R. (2022). A decade of checkpoint blockade immunotherapy in melanoma: understanding the molecular basis for immune sensitivity and resistance. Nat. Immunol. 23, 660–670. doi:10.1038/s41590-022-01141-1

	Huang, C., Mendez, N., Echeagaray, O. H., Weeks, J., Wang, J., Yao, S., et al. (2020). Immunostimulatory TLR7 agonist-nanoparticles together with checkpoint blockade for effective cancer immunotherapy. Adv. Ther. 3, 1900200. doi:10.1002/adtp.201900200

	Huber, F., Arnaud, M., Stevenson, B. J., Michaux, J., Benedetti, F., Thevenet, J., et al. (2024). A comprehensive proteogenomic pipeline for neoantigen discovery to advance personalized cancer immunotherapy. Nat. Biotechnol. doi:10.1038/s41587-024-02420-y

	Izawa, N., Shiokawa, H., Onuki, R., Hamaji, K., Morikawa, K., Saji, H., et al. (2022). The clinical utility of comprehensive measurement of autoimmune disease-related antibodies in patients with advanced solid tumors receiving immune checkpoint inhibitors: a retrospective study. ESMO Open 7, 100415. doi:10.1016/j.esmoop.2022.100415

	Jaune, E., Cavazza, E., Ronco, C., Grytsai, O., Abbe, P., Tekaya, N., et al. (2021). Discovery of a new molecule inducing melanoma cell death: dual AMPK/MELK targeting for novel melanoma therapies. Cell Death Dis. 12, 64. doi:10.1038/s41419-020-03344-6

	Ji, B., Wei, M., and Yang, B. (2022). Recent advances in nanomedicines for photodynamic therapy (PDT)-Driven cancer immunotherapy. Theranostics 12, 434–458. doi:10.7150/thno.67300

	Jiang, J., Hu, J., Li, M., Luo, M., Dong, B., Sitti, M., et al. (2025). NIR-II fluorescent thermophoretic nanomotors for superficial tumor photothermal therapy. Adv. Mater. 37, 2417440. doi:10.1002/adma.202417440

	Jin, Q., Deng, Y., Chen, X., and Ji, J. (2019). Rational design of cancer nanomedicine for simultaneous stealth surface and enhanced cellular uptake. ACS Nano, Acsnano. 13, 954–977. doi:10.1021/acsnano.8b07746

	Jin, Y., Huang, Y., Ren, H., Huang, H., Lai, C., Wang, W., et al. (2024). Nano-enhanced immunotherapy: targeting the immunosuppressive tumor microenvironment. Biomaterials 305, 122463. doi:10.1016/j.biomaterials.2023.122463

	Jorge, N. A. N., Cruz, J. G. V., Pretti, M. A. M., Bonamino, M. H., Possik, P. A., and Boroni, M. (2020). Poor clinical outcome in metastatic melanoma is associated with a microRNA-modulated immunosuppressive tumor microenvironment. J. Transl. Med. 18, 56. doi:10.1186/s12967-020-02235-w

	Jorgovanovic, D., Song, M., Wang, L., and Zhang, Y. (2020). Roles of IFN-γ in tumor progression and regression: a review. Biomark. Res. 8, 49. doi:10.1186/s40364-020-00228-x

	Kakizaki, A., Fujimura, T., Furudate, S., Kambayashi, Y., Yamauchi, T., Yagita, H., et al. (2015). Immunomodulatory effect of peritumorally administered interferon-beta on melanoma through tumor-associated macrophages. OncoImmunology 4, e1047584. doi:10.1080/2162402X.2015.1047584

	Kato, K., Machida, R., Ito, Y., Daiko, H., Ozawa, S., Ogata, T., et al. (2024). Doublet chemotherapy, triplet chemotherapy, or doublet chemotherapy combined with radiotherapy as neoadjuvant treatment for locally advanced oesophageal cancer (JCOG1109 NExT): a randomised, controlled, open-label, phase 3 trial. Lancet 404, 55–66. doi:10.1016/S0140-6736(24)00745-1

	Kesharwani, P., Ma, R., Sang, L., Fatima, M., Sheikh, A., Abourehab, M. A. S., et al. (2023). Gold nanoparticles and gold nanorods in the landscape of cancer therapy. Mol. Cancer 22, 98. doi:10.1186/s12943-023-01798-8

	Khan, M., Lin, J., Liao, G., Tian, Y., Liang, Y., Li, R., et al. (2018). SRS in combination with ipilimumab: a promising new dimension for treating melanoma brain metastases. Technol. Cancer Res. Treat. 17, 1533033818798792. doi:10.1177/1533033818798792

	Khatun, A., Hasan, M., Abd El-Emam, M. M., Fukuta, T., Mimura, M., Tashima, R., et al. (2022). Effective anticancer therapy by combination of nanoparticles encapsulating chemotherapeutic agents and weak electric current. Biol. and Pharm. Bull. 45, 194–199. doi:10.1248/bpb.b21-00714

	Kida, H., Yamasaki, Y., Feril, Jr., L. B., Endo, H., Itaka, K., and Tachibana, K. (2023). Efficient mRNA delivery with lyophilized human serum albumin-based nanobubbles. Nanomaterials 13, 1283. doi:10.3390/nano13071283

	Kim, D., Amatya, R., Hwang, S., Lee, S., Min, K. A., and Shin, M. C. (2021a). BSA-silver nanoparticles: a potential multimodal therapeutics for conventional and photothermal treatment of skin cancer. Pharmaceutics 13, 575. doi:10.3390/pharmaceutics13040575

	Kim, H., Yang, M., Kwon, N., Cho, M., Han, J., Wang, R., et al. (2023). Recent progress on photodynamic therapy and photothermal therapy. Bull. Korean Chem. Soc. 44, 236–255. doi:10.1002/bkcs.12655

	Kim, S., Kim, S. A., Nam, G.-H., Hong, Y., Kim, G. B., Choi, Y., et al. (2021b). In situ immunogenic clearance induced by a combination of photodynamic therapy and rho-kinase inhibition sensitizes immune checkpoint blockade response to elicit systemic antitumor immunity against intraocular melanoma and its metastasis. J. Immunother. Cancer 9, e001481. doi:10.1136/jitc-2020-001481

	Knispel, S., Stang, A., Zimmer, L., Lax, H., Gutzmer, R., Heinzerling, L., et al. (2020). Impact of a preceding radiotherapy on the outcome of immune checkpoint inhibition in metastatic melanoma: a multicenter retrospective cohort study of the DeCOG. J. Immunother. Cancer 8, e000395. doi:10.1136/jitc-2019-000395

	Kostiv, U., Kučka, J., Lobaz, V., Kotov, N., Janoušková, O., Šlouf, M., et al. (2020). Highly colloidally stable trimodal 125I-radiolabeled PEG-neridronate-coated upconversion/magnetic bioimaging nanoprobes. Sci. Rep. 10, 20016. doi:10.1038/s41598-020-77112-z

	Kreuger, I. Z. M., Slieker, R. C., Van Groningen, T., and Van Doorn, R. (2023). Therapeutic Strategies for Targeting CDKN2A Loss in Melanoma. Journal of Investigative Dermatology 143, 18–25.e1. doi:10.1016/j.jid.2022.07.016

	Kudchadkar, R. R., Lowe, M. C., Khan, M. K., and McBrien, S. M. (2020). Metastatic melanoma. CA A Cancer J. Clin. 70, 78–85. doi:10.3322/caac.21599

	Kulkarni, A., Rao, P., Natarajan, S., Goldman, A., Sabbisetti, V. S., Khater, Y., et al. (2016). Reporter nanoparticle that monitors its anticancer efficacy in real time. Proc. Natl. Acad. Sci. U.S.A. 113, E2104–E2113. doi:10.1073/pnas.1603455113

	Lakshmanan, V.-K., Jindal, S., Packirisamy, G., Ojha, S., Lian, S., Kaushik, A., et al. (2021). Nanomedicine-based cancer immunotherapy: recent trends and future perspectives. Cancer Gene Ther. 28, 911–923. doi:10.1038/s41417-021-00299-4

	Lamberti, M. J., Mentucci, F. M., Roselli, E., Araya, P., Rivarola, V. A., Rumie Vittar, N. B., et al. (2019). Photodynamic modulation of type 1 interferon pathway on melanoma cells promotes dendritic cell activation. Front. Immunol. 10, 2614. doi:10.3389/fimmu.2019.02614

	Ledezma, D. K., Balakrishnan, P. B., Cano-Mejia, J., Sweeney, E. E., Hadley, M., Bollard, C. M., et al. (2020). Indocyanine green-nexturastat A-PLGA nanoparticles combine photothermal and epigenetic therapy for melanoma. Nanomaterials 10, 161. doi:10.3390/nano10010161

	Leonardo-Sousa, C., Barriga, R., Florindo, H. F., Acúrcio, R. C., and Guedes, R. C. (2025). Structural insights and clinical advances in small-molecule inhibitors targeting TGF-β receptor I. Mol. Ther. Oncol. 33, 200945. doi:10.1016/j.omton.2025.200945

	Li, J., and Burgess, D. J. (2020). Nanomedicine-based drug delivery towards tumor biological and immunological microenvironment. Acta Pharm. Sin. B 10, 2110–2124. doi:10.1016/j.apsb.2020.05.008

	Li, J., Cha, R., Luo, H., Hao, W., Zhang, Y., and Jiang, X. (2019). Nanomaterials for the theranostics of obesity. Biomaterials 223, 119474. doi:10.1016/j.biomaterials.2019.119474

	Li, J., Guan, W., Ren, W., Liu, Z., Wu, H., Chen, Y., et al. (2022). Longitudinal genomic alternations and clonal dynamics analysis of primary malignant melanoma of the esophagus. Neoplasia 30, 100811. doi:10.1016/j.neo.2022.100811

	Li, J., Zhu, L., and Kwok, H. F. (2023). Nanotechnology-based approaches overcome lung cancer drug resistance through diagnosis and treatment. Drug Resist. Updat. 66, 100904. doi:10.1016/j.drup.2022.100904

	Li, M., Xiong, J., Zhang, Y., Yu, L., Yue, L., Yoon, C., et al. (2025). New guidelines and definitions for type I photodynamic therapy. Chem. Soc. Rev. doi:10.1039/d1cs01079d

	Li, D., Zhang, M., Xu, F., Chen, Y., Chen, B., Chang, Y., et al. (2018). Biomimetic albumin-modified gold nanorods for photothermo-chemotherapy and macrophage polarization modulation. Acta Pharm. Sin. B 8, 74–84. doi:10.1016/j.apsb.2017.09.005

	Liang, S., Liao, G., Zhu, W., and Zhang, L. (2022). Manganese-based hollow nanoplatforms for MR imaging-guided cancer therapies. Biomater. Res. 26, 32. doi:10.1186/s40824-022-00275-5

	Liang, Y., Gao, Y., Wang, W., Dong, H., Tang, R., Yang, J., et al. (2020). Fabrication of smart stimuli-responsive mesoporous organosilica nano-vehicles for targeted pesticide delivery. J. Hazard. Mater. 389, 122075. doi:10.1016/j.jhazmat.2020.122075

	Lim, S. Y., Shklovskaya, E., Lee, J. H., Pedersen, B., Stewart, A., Ming, Z., et al. (2023). The molecular and functional landscape of resistance to immune checkpoint blockade in melanoma. Nat. Commun. 14, 1516. doi:10.1038/s41467-023-36979-y

	Lin, G., and Zhang, M. (2023). Ligand chemistry in antitumor theranostic nanoparticles. Acc. Chem. Res. 56, 1578–1590. doi:10.1021/acs.accounts.3c00151

	Liu, H., Hu, Y., Sun, Y., Wan, C., Zhang, Z., Dai, X., et al. (2019a). Co-delivery of bee venom melittin and a photosensitizer with an organic–inorganic hybrid nanocarrier for photodynamic therapy and immunotherapy. ACS Nano 13, 12638–12652. doi:10.1021/acsnano.9b04181

	Liu, P., Ren, J., Xiong, Y., Yang, Z., Zhu, W., He, Q., et al. (2019b). Enhancing magnetic resonance/photoluminescence imaging-guided photodynamic therapy by multiple pathways. Biomaterials 199, 52–62. doi:10.1016/j.biomaterials.2019.01.044

	Liu, T., Zhu, M., Chang, X., Tang, X., Yuan, P., Tian, R., et al. (2023). Tumor-specific photothermal-therapy-assisted immunomodulation via multiresponsive adjuvant nanoparticles. Adv. Mater. 35, 2300086. doi:10.1002/adma.202300086

	Liu, Y., Bhattarai, P., Dai, Z., and Chen, X. (2019c). Photothermal therapy and photoacoustic imaging via nanotheranostics in fighting cancer. Chem. Soc. Rev. 48, 2053–2108. doi:10.1039/C8CS00618K

	Liu, Y., Su, M., Wang, Y., Du, Y., Wang, Y., and Hu, N. (2024). Intervaginal space injection of photothermal chemotherapy nanoparticles for facilitating tumor targeting and improving outcomes in mice. Heliyon 10, e27408. doi:10.1016/j.heliyon.2024.e27408

	Long, G. V., Swetter, S. M., Menzies, A. M., Gershenwald, J. E., and Scolyer, R. A. (2023). Cutaneous melanoma. Lancet 402, 485–502. doi:10.1016/S0140-6736(23)00821-8

	Lopes, J., Rodrigues, C. M., Godinho-Santos, A., Coelho, J. M. P., Cabaço, L. C., Barral, D. C., et al. (2025). Combination of gold nanoparticles with near-infrared light as an alternative approach for melanoma management. Int. J. Pharm. 668, 124952. doi:10.1016/j.ijpharm.2024.124952

	Lopes, J., Rodrigues, C. M. P., Gaspar, M. M., and Reis, C. P. (2022a). How to treat melanoma? The current status of innovative nanotechnological strategies and the role of minimally invasive approaches like PTT and PDT. Pharmaceutics 14, 1817. doi:10.3390/pharmaceutics14091817

	Lopes, J., Rodrigues, C. M. P., Gaspar, M. M., and Reis, C. P. (2022b). Melanoma management: from epidemiology to treatment and latest advances. Cancers 14, 4652. doi:10.3390/cancers14194652

	Lu, W., Liu, W., Hu, A., Shen, J., Yi, H., and Cheng, Z. (2023). Combinatorial polydopamine-liposome nanoformulation as an effective anti-breast cancer therapy. IJN 18, 861–879. doi:10.2147/IJN.S382109

	Lu, X., Chen, X., Lin, C., Yi, Y., Zhao, S., Zhu, B., et al. (2024). Elesclomol loaded copper oxide nanoplatform triggers cuproptosis to enhance antitumor immunotherapy. Adv. Sci. 11, 2309984. doi:10.1002/advs.202309984

	Ly, C. L., Blaha, O., Wei, W., Galan, A., Kluger, H., Ariyan, S., et al. (2023). Predictive accuracy of elevated mitotic rate on lymph node positivity and recurrence in thin melanomas. Front. Oncol. 12, 1077226. doi:10.3389/fonc.2022.1077226

	Maghsoudinia, F., Akbari-Zadeh, H., Aminolroayaei, F., Birgani, F. F., Shanei, A., and Samani, R. K. (2022). Ultrasound responsive Gd-DOTA/doxorubicin-loaded nanodroplet as a Theranostic agent for magnetic resonance image-guided controlled release drug delivery of melanoma cancer. Eur. J. Pharm. Sci. 174, 106207. doi:10.1016/j.ejps.2022.106207

	Marie, K. L., Sassano, A., Yang, H. H., Michalowski, A. M., Michael, H. T., Guo, T., et al. (2020). Melanoblast transcriptome analysis reveals pathways promoting melanoma metastasis. Nat. Commun. 11, 333. doi:10.1038/s41467-019-14085-2

	Mazloum-Ravasan, S., Mohammadi, M., Hiagh, E. M., Ebrahimi, A., Hong, J.-H., Hamishehkar, H., et al. (2022). Nano-liposomal zein hydrolysate for improved apoptotic activity and therapeutic index in lung cancer treatment. Drug Deliv. 29, 1049–1059. doi:10.1080/10717544.2022.2057618

	Mei, Y., Cao, Y., and Wang, W. (2025). Emerging violet phosphorus nanomaterial for biomedical applications. Adv. Healthc. Mater. 14, 2403576. doi:10.1002/adhm.202403576

	Mei, Y., Tang, L., Zhang, L., Hu, J., Zhang, Z., He, S., et al. (2022). A minimally designed PD-L1-targeted nanocomposite for positive feedback-based multimodal cancer therapy. Mater. Today 60, 52–68. doi:10.1016/j.mattod.2022.09.009

	Mejbel, H. A., Arudra, S. K. C., Pradhan, D., Torres-Cabala, C. A., Nagarajan, P., Tetzlaff, M. T., et al. (2019). Immunohistochemical and molecular features of melanomas exhibiting intratumor and intertumor histomorphologic heterogeneity. Cancers 11, 1714. doi:10.3390/cancers11111714

	Miele, D., Sorrenti, M., Catenacci, L., Minzioni, P., Marrubini, G., Amendola, V., et al. (2022). Association of indocyanine green with chitosan oleate coated PLGA nanoparticles for photodynamic therapy. Pharmaceutics 14, 1740. doi:10.3390/pharmaceutics14081740

	Mikhaylov, G., Mikac, U., Butinar, M., Turk, V., Turk, B., Psakhie, S., et al. (2022). Theranostic applications of an ultra-sensitive T1 and T2 magnetic resonance contrast agent based on cobalt ferrite spinel nanoparticles. Cancers 14, 4026. doi:10.3390/cancers14164026

	Mikoshiba, Y., Minagawa, A., Koga, H., Yokokawa, Y., Uhara, H., and Okuyama, R. (2019). Clinical and histopathologic characteristics of melanocytic lesions on the volar skin without typical dermoscopic patterns. JAMA Dermatol 155, 578–584. doi:10.1001/jamadermatol.2018.5926

	Möller, M., Wasel, J., Schmetzer, J., Weiß, U., Meissner, M., Schiffmann, S., et al. (2020). The specific IKKε/TBK1 inhibitor amlexanox suppresses human melanoma by the inhibition of autophagy, NF-κB and MAP kinase pathways. IJMS 21, 4721. doi:10.3390/ijms21134721

	Molnár, E., Garay, T., Donia, M., Baranyi, M., Rittler, D., Berger, W., et al. (2019). Long-term vemurafenib exposure induced alterations of cell phenotypes in melanoma: increased cell migration and its association with EGFR expression. IJMS 20, 4484. doi:10.3390/ijms20184484

	Moni, S. S., Moshi, J. M., Matou-Nasri, S., Alotaibi, S., Hawsawi, Y. M., Elmobark, M. E., et al. (2025). Advances in materials science for precision melanoma therapy: nanotechnology-enhanced drug delivery systems. Pharmaceutics 17, 296. doi:10.3390/pharmaceutics17030296

	Mundra, V., Li, W., and Mahato, R. I. (2015). Nanoparticle-mediated drug delivery for treating melanoma. Nanomedicine (Lond.) 10, 2613–2633. doi:10.2217/nnm.15.111

	Nam, J., Son, S., Park, K. S., and Moon, J. J. (2021). Photothermal therapy combined with neoantigen cancer vaccination for effective immunotherapy against large established tumors and distant metastasis. Adv. Ther. 4, 2100093. doi:10.1002/adtp.202100093

	Natarelli, N., Aleman, S. J., Mark, I. M., Tran, J. T., Kwak, S., Botto, E., et al. (2024). A review of current and pipeline drugs for treatment of melanoma. Pharmaceuticals 17, 214. doi:10.3390/ph17020214

	Nguyen, A., Johanning, G., and Shi, Y. (2022). Emerging novel combined CAR-T cell therapies. Cancers 14, 1403. doi:10.3390/cancers14061403

	Nima, Z. A., Watanabe, F., Jamshidi-Parsian, A., Sarimollaoglu, M., Nedosekin, D. A., Han, M., et al. (2019). Bioinspired magnetic nanoparticles as multimodal photoacoustic, photothermal and photomechanical contrast agents. Sci. Rep. 9, 887. doi:10.1038/s41598-018-37353-5

	Olesiak-Banska, J., Waszkielewicz, M., Obstarczyk, P., and Samoc, M. (2019). Two-photon absorption and photoluminescence of colloidal gold nanoparticles and nanoclusters. Chem. Soc. Rev. 48, 4087–4117. doi:10.1039/C8CS00849C

	Overchuk, M., Weersink, R. A., Wilson, B. C., and Zheng, G. (2023). Photodynamic and photothermal therapies: synergy opportunities for nanomedicine. ACS Nano 17, 7979–8003. doi:10.1021/acsnano.3c00891

	Palušová, V., Renzová, T., Verlande, A., Vaclová, T., Medková, M., Cetlová, L., et al. (2020). Dual targeting of BRAF and mTOR signaling in melanoma cells with pyridinyl imidazole compounds. Cancers 12, 1516. doi:10.3390/cancers12061516

	Pang, L., Dunterman, M., Guo, S., Khan, F., Liu, Y., Taefi, E., et al. (2023). Kunitz-type protease inhibitor TFPI2 remodels stemness and immunosuppressive tumor microenvironment in glioblastoma. Nat. Immunol. 24, 1654–1670. doi:10.1038/s41590-023-01605-y

	Peltek, O. O., Karpov, T. E., Rogova, A., Postovalova, A., Ageev, E., Petrov, A., et al. (2023). Development of nanocarrier-based radionuclide and photothermal therapy in combination with chemotherapy in melanoma cancer treatment. ACS Appl. Mater. Interfaces 15, 13460–13471. doi:10.1021/acsami.2c20619

	Phadke, M. S., Chen, Z., Li, J., Mohamed, E., Davies, M. A., Smalley, I., et al. (2021). Targeted therapy given after Anti–PD-1 leads to prolonged responses in mouse melanoma models through sustained antitumor immunity. Cancer Immunol. Res. 9, 554–567. doi:10.1158/2326-6066.CIR-20-0905

	Phour, A., Gaur, V., Banerjee, A., and Bhattacharyya, J. (2022). Recombinant protein polymers as carriers of chemotherapeutic agents. Adv. Drug Deliv. Rev. 190, 114544. doi:10.1016/j.addr.2022.114544

	Pires, L., Demidov, V., Wilson, B. C., Salvio, A. G., Moriyama, L., Bagnato, V. S., et al. (2020). Dual-agent photodynamic therapy with optical clearing eradicates pigmented melanoma in preclinical tumor models. Cancers 12, 1956. doi:10.3390/cancers12071956

	Qin, Y., Liu, Y., Xiang, X., Long, X., Chen, Z., Huang, X., et al. (2023). Cuproptosis correlates with immunosuppressive tumor microenvironment based on pan-cancer multiomics and single-cell sequencing analysis. Mol. Cancer 22, 59. doi:10.1186/s12943-023-01752-8

	Qin, Y.-T., Peng, H., He, X.-W., Li, W.-Y., and Zhang, Y.-K. (2019). pH-Responsive polymer-stabilized ZIF-8 nanocomposites for fluorescence and magnetic resonance dual-modal imaging-guided Chemo-/Photodynamic combinational cancer therapy. ACS Appl. Mater. Interfaces 11, 34268–34281. doi:10.1021/acsami.9b12641

	Qing, S., Lyu, C., Zhu, L., Pan, C., Wang, S., Li, F., et al. (2020). Biomineralized bacterial outer membrane vesicles potentiate safe and efficient tumor microenvironment reprogramming for anticancer therapy. Adv. Mater. 32, 2002085. doi:10.1002/adma.202002085

	Ren, H., Wu, Z., Tan, J., Tao, H., Zou, W., Cao, Z., et al. (2024a). Co-delivery nano system of MS-275 and V-9302 induces pyroptosis and enhances anti-tumor immunity against uveal melanoma. Adv. Sci. 11, 2404375. doi:10.1002/advs.202404375

	Ren, H., Zhang, Y., Huang, W., Xu, H., He, W., Hao, N., et al. (2024b). Tumor-targeted nanodrug FSGG/siGal-9 for transdermal photothermal immunotherapy of melanoma. Commun. Biol. 7, 188. doi:10.1038/s42003-024-05891-6

	Richetta, A. G., Valentini, V., Marraffa, F., Paolino, G., Rizzolo, P., Silvestri, V., et al. (2018). Metastases risk in thin cutaneous melanoma: prognostic value of clinical-pathologic characteristics and mutation profile. Oncotarget 9, 32173–32181. doi:10.18632/oncotarget.25864

	Rotunjanu, S., Racoviceanu, R., Mioc, A., Milan, A., Negrea-Ghiulai, R., Mioc, M., et al. (2023). Newly synthesized CoFe2−xDyxO4 (X = 0; 0.1; 0.2; 0.4) nanoparticles reveal promising anticancer activity against melanoma (A375) and breast cancer (MCF-7) cells. IJMS 24, 15733. doi:10.3390/ijms242115733

	Saeidi, Z., Giti, R., Rostami, M., and Mohammadi, F. (2023). Nanotechnology-based drug delivery systems in the transdermal treatment of melanoma. Adv. Pharm. Bull. 13, 646–662. doi:10.34172/apb.2023.070

	Saiag, P., Molinier, R., Roger, A., Boru, B., Otmezguine, Y., Otz, J., et al. (2022). Efficacy of large use of combined hypofractionated radiotherapy in a cohort of Anti-PD-1 monotherapy-treated melanoma patients. Cancers 14, 4069. doi:10.3390/cancers14174069

	Salotto, K. E., Olson Jr, W. C., Pollack, K. E., Illendula, A., Michel, E., Henriques, S., et al. (2022). A nano-enhanced vaccine for metastatic melanoma immunotherapy. Cancer Drug Resist 5, 829–845. doi:10.20517/cdr.2021.132

	Sang, W., Zhang, Z., Dai, Y., and Chen, X. (2019). Recent advances in nanomaterial-based synergistic combination cancer immunotherapy. Chem. Soc. Rev. 48, 3771–3810. doi:10.1039/C8CS00896E

	Sasaki, M., Tanaka, M., Kojima, Y., Nishie, H., Shimura, T., Kubota, E., et al. (2023). Anti-tumor immunity enhancement by photodynamic therapy with talaporfin sodium and anti-programmed death 1 antibody. Mol. Ther. - Oncolytics 28, 118–131. doi:10.1016/j.omto.2022.12.009

	Schäfer, M. E. A., Keller, F., Schumacher, J., Haas, H., Vascotto, F., Sahin, U., et al. (2022). 3D melanoma cocultures as improved models for nanoparticle-mediated delivery of RNA to tumors. Cells 11, 1026. doi:10.3390/cells11061026

	Schmitt, M., Sinnberg, T., Niessner, H., Forschner, A., Garbe, C., Macek, B., et al. (2021). Individualized proteogenomics reveals the mutational landscape of melanoma patients in response to immunotherapy. Cancers 13, 5411. doi:10.3390/cancers13215411

	Sekar, R., Basavegowda, N., Thathapudi, J. J., Sekhar, M. R., Joshi, P., Somu, P., et al. (2023). Recent progress of gold-based nanostructures towards future emblem of photo-triggered cancer theranostics: a special focus on combinatorial phototherapies. Pharmaceutics 15, 433. doi:10.3390/pharmaceutics15020433

	Sell, M., Lopes, A. R., Escudeiro, M., Esteves, B., Monteiro, A. R., Trindade, T., et al. (2023). Application of nanoparticles in cancer treatment: a concise review. Nanomaterials 13, 2887. doi:10.3390/nano13212887

	Shah, H., Madni, A., Khan, M. M., Ahmad, F.-D., Jan, N., Khan, S., et al. (2022). pH-Responsive liposomes of dioleoyl phosphatidylethanolamine and cholesteryl hemisuccinate for the enhanced anticancer efficacy of cisplatin. Pharmaceutics 14, 129. doi:10.3390/pharmaceutics14010129

	Shan, X., Zhang, X., Wang, C., Zhao, Z., Zhang, S., Wang, Y., et al. (2021). Molecularly engineered carrier-free co-delivery nanoassembly for self-sensitized photothermal cancer therapy. J. Nanobiotechnol 19, 282. doi:10.1186/s12951-021-01037-6

	Shen, K., Song, W., Wang, H., Wang, L., Yang, Y., Hu, Q., et al. (2023). Decoding the metastatic potential and optimal postoperative adjuvant therapy of melanoma based on metastasis score. Cell Death Discov. 9, 397. doi:10.1038/s41420-023-01678-6

	Shen, K.-Y., Zhu, Y., Xie, S.-Z., and Qin, L.-X. (2024). Immunosuppressive tumor microenvironment and immunotherapy of hepatocellular carcinoma: current status and prospectives. J. Hematol. Oncol. 17, 25. doi:10.1186/s13045-024-01549-2

	Shreffler, J. W., Pullan, J. E., Dailey, K. M., Mallik, S., and Brooks, A. E. (2019). Overcoming hurdles in nanoparticle clinical translation: the influence of experimental design and surface modification. IJMS 20, 6056. doi:10.3390/ijms20236056

	Smart, A. C., Giobbie-Hurder, A., Desai, V., Xing, J. L., Lukens, J. N., Taunk, N. K., et al. (2024). Multicenter evaluation of radiation and immune checkpoint inhibitor therapy in mucosal melanoma and review of recent literature. Adv. Radiat. Oncol. 9, 101310. doi:10.1016/j.adro.2023.101310

	Smith, K. H., Trovillion, E. M., Sholler, C., Gandra, D., McKinney, K. Q., Mulama, D., et al. (2024). Panobinostat synergizes with chemotherapeutic agents and improves efficacy of standard-of-care chemotherapy combinations in ewing sarcoma cells. Cancers 16, 3565. doi:10.3390/cancers16213565

	Špaková, I., Rabajdová, M., Mičková, H., Graier, W. F., and Mareková, M. (2021). Effect of hypoxia factors gene silencing on ROS production and metabolic status of A375 malignant melanoma cells. Sci. Rep. 11, 10325. doi:10.1038/s41598-021-89792-2

	Steinbrueck, A., Sedgwick, A. C., Brewster, J. T., Yan, K.-C., Shang, Y., Knoll, D. M., et al. (2020). Transition metal chelators, pro-chelators, and ionophores as small molecule cancer chemotherapeutic agents. Chem. Soc. Rev. 49, 3726–3747. doi:10.1039/C9CS00373H

	Sun, Y., Ding, F., Chen, Z., Zhang, R., Li, C., Xu, Y., et al. (2019). Melanin-dot–mediated delivery of metallacycle for NIR-II/photoacoustic dual-modal imaging-guided chemo-photothermal synergistic therapy. Proc. Natl. Acad. Sci. U.S.A. 116, 16729–16735. doi:10.1073/pnas.1908761116

	Szeto, C., Gounder, M. M., Parulkar, R., Nguyen, A., Rabizadeh, S., and Reddy, S. K. (2020). High correlation between TMB, expressed TMB, and neoantigen load using tumor: normal whole exome DNA and matched whole transcriptome RNA sequencing. JCO 38, e15238. doi:10.1200/JCO.2020.38.15_suppl.e15238

	Takahashi, J., and Nagasawa, S. (2020). Immunostimulatory effects of radiotherapy for local and systemic control of melanoma: a review. IJMS 21, 9324. doi:10.3390/ijms21239324

	Tang, K., Zhang, H., Li, Y., Sun, Q., and Jin, H. (2021a). Circular RNA as a potential biomarker for melanoma: a systematic review. Front. Cell Dev. Biol. 9, 638548. doi:10.3389/fcell.2021.638548

	Tang, L., Zhang, A., Mei, Y., Xiao, Q., Xu, X., and Wang, W. (2021b). NIR light-triggered chemo-phototherapy by ICG functionalized MWNTs for synergistic tumor-targeted delivery. Pharmaceutics 13, 2145. doi:10.3390/pharmaceutics13122145

	Teterycz, P., Czarnecka, A. M., Indini, A., Spałek, M. J., Labianca, A., Rogala, P., et al. (2020). Multimodal treatment of advanced mucosal melanoma in the era of modern immunotherapy. Cancers 12, 3131. doi:10.3390/cancers12113131

	Tewari, A. K., Upadhyay, S. C., Kumar, M., Pathak, K., Kaushik, D., Verma, R., et al. (2022). Insights on development aspects of polymeric nanocarriers: the translation from bench to clinic. Polymers 14, 3545. doi:10.3390/polym14173545

	Torrejon, D. Y., Galvez, M., Abril-Rodriguez, G., Campbell, K. M., Medina, E., Vega-Crespo, A., et al. (2023). Antitumor immune responses in B2M -Deficient cancers. Cancer Immunol. Res. 11, 1642–1655. doi:10.1158/2326-6066.CIR-23-0139

	Verduin, M., Zindler, J. D., Martinussen, H. M. A., Jansen, R. L. H., Croes, S., Hendriks, L. E. L., et al. (2017). Use of systemic therapy concurrent with cranial radiotherapy for cerebral metastases of solid tumors. Oncol. 22, 222–235. doi:10.1634/theoncologist.2016-0117

	Wang, D., Dong, H., Li, M., Cao, Y., Yang, F., Zhang, K., et al. (2018). Erythrocyte–cancer hybrid membrane camouflaged hollow copper sulfide nanoparticles for prolonged circulation life and homotypic-targeting photothermal/chemotherapy of melanoma. ACS Nano 12, 5241–5252. doi:10.1021/acsnano.7b08355

	Wang, M., Gao, X., and Zhang, L. (2025). Recent global patterns in skin cancer incidence, mortality, and prevalence. Chin. Med. J. 138, 185–192. doi:10.1097/CM9.0000000000003416

	Wang, M., Song, J., Zhou, F., Hoover, A. R., Murray, C., Zhou, B., et al. (2019). NIR-Triggered phototherapy and immunotherapy via an antigen-capturing nanoplatform for metastatic cancer treatment. Adv. Sci. 6, 1802157. doi:10.1002/advs.201802157

	Wang, Q., Sun, M., Li, C., Li, D., Yang, Z., Jiang, Q., et al. (2021a). A computer-aided chem-photodynamic drugs self-delivery system for synergistically enhanced cancer therapy. Asian J. Pharm. Sci. 16, 203–212. doi:10.1016/j.ajps.2020.04.002

	Wang, X., Yu, B., Cao, B., Zhou, J., Deng, Y., Wang, Z., et al. (2021b). A chemical conjugation of JQ -1 and a TLR7 agonist induces tumoricidal effects in a murine model of melanoma via enhanced immunomodulation. Intl J. Cancer 148, 437–447. doi:10.1002/ijc.33222

	Wang, Y., Chen, J., Yang, B., Qiao, H., Gao, L., Su, T., et al. (2016). In vivo MR and fluorescence dual-modality imaging of atherosclerosis characteristics in mice using Profilin-1 targeted magnetic nanoparticles. Theranostics 6, 272–286. doi:10.7150/thno.13350

	Wang, Z., Yu, Y., Wang, C., Li, J., and Pang, Y. (2022). Advances in the application of nanomaterials to the treatment of melanoma. Pharmaceutics 14, 2090. doi:10.3390/pharmaceutics14102090

	Welch, H. G., Mazer, B. L., and Adamson, A. S. (2021). The rapid rise in cutaneous melanoma diagnoses. N. Engl. J. Med. 384, 72–79. doi:10.1056/NEJMsb2019760

	Weng, J., Zheng, G., Wen, J., Yang, J., Yang, Q., Zheng, X., et al. (2023). Construction and application of microneedle-mediated photothermal therapy and immunotherapy combined anti-tumor drug delivery system. Drug Deliv. 30, 2232950. doi:10.1080/10717544.2023.2232950

	Wenthe, J., Naseri, S., Hellström, A.-C., Moreno, R., Ullenhag, G., Alemany, R., et al. (2022). Immune priming using DC- and T cell-targeting gene therapy sensitizes both treated and distant B16 tumors to checkpoint inhibition. Mol. Ther. - Oncolytics 24, 429–442. doi:10.1016/j.omto.2022.01.003

	Willsmore, Z. N., Coumbe, B. G. T., Crescioli, S., Reci, S., Gupta, A., Harris, R. J., et al. (2021). Combined anti-PD-1 and anti-CTLA-4 checkpoint blockade: treatment of melanoma and immune mechanisms of action. Eur. J. Immunol. 51, 544–556. doi:10.1002/eji.202048747

	Wu, B., Zhang, B., Li, B., Wu, H., and Jiang, M. (2024). Cold and hot tumors: from molecular mechanisms to targeted therapy. Sig Transduct. Target Ther. 9, 274. doi:10.1038/s41392-024-01979-x

	Wu, H., Zhang, H., Li, X., Zhang, Y., Wang, J., Wang, Q., et al. (2022). Optimized synthesis of layered double hydroxide lactate nanosheets and their biological effects on arabidopsis seedlings. Plant Methods 18, 17. doi:10.1186/s13007-022-00850-w

	Wu, Q., Wang, J., Li, S., Liu, J., Cheng, Y., Jin, J., et al. (2023). Comparison of definitive radiotherapy-based treatment and surgical-based treatment for locally advanced head and neck soft tissue sarcoma. JCM 12, 3099. doi:10.3390/jcm12093099

	Wu, X., Huang, H., Yu, B., and Zhang, J. (2020). A blue light-inducible CRISPR-Cas9 system for inhibiting progression of melanoma cells. Front. Mol. Biosci. 7, 606593. doi:10.3389/fmolb.2020.606593

	Xi, S., Yang, Y.-G., Suo, J., and Sun, T. (2022). Research progress on gene editing based on nano-drug delivery vectors for tumor therapy. Front. Bioeng. Biotechnol. 10, 873369. doi:10.3389/fbioe.2022.873369

	Xing, Y., Yang, J., Peng, A., Qian, Y., Liu, Y., Pan, P., et al. (2024). Lysosome targeted nanoparticle aggregation reverses immunosuppressive tumor microenvironment for cancer immunotherapy. Adv. Mater. 36, 2412730. doi:10.1002/adma.202412730

	Xiong, W., Guo, Z., Zeng, B., Wang, T., Zeng, X., Cao, W., et al. (2022). Dacarbazine-loaded targeted polymeric nanoparticles for enhancing malignant melanoma therapy. Front. Bioeng. Biotechnol. 10, 847901. doi:10.3389/fbioe.2022.847901

	Xiong, Y., Rao, Y., Hu, J., Luo, Z., and Chen, C. (2023). Nanoparticle-based photothermal therapy for breast cancer noninvasive treatment. Adv. Mater. , 2305140. doi:10.1002/adma.202305140

	Xu, F., Zhu, J., Lin, L., Zhang, C., Sun, W., Fan, Y., et al. (2020). Multifunctional PVCL nanogels with redox-responsiveness enable enhanced MR imaging and ultrasound-promoted tumor chemotherapy. Theranostics 10, 4349–4358. doi:10.7150/thno.43402

	Xue, J., Zhu, Y., Bai, S., He, C., Du, G., Zhang, Y., et al. (2022). Nanoparticles with rough surface improve the therapeutic effect of photothermal immunotherapy against melanoma. Acta Pharm. Sin. B 12, 2934–2949. doi:10.1016/j.apsb.2021.11.020

	Yan, S., Zhao, P., Yu, T., and Gu, N. (2019). Current applications and future prospects of nanotechnology in cancer immunotherapy. Cancer Biol. Med. 16, 486–497. doi:10.20892/j.issn.2095-3941.2018.0493

	Yan, W., Lang, T., Yuan, W., Yin, Q., and Li, Y. (2022). Nanosized drug delivery systems modulate the immunosuppressive microenvironment to improve cancer immunotherapy. Acta Pharmacol. Sin. 43, 3045–3054. doi:10.1038/s41401-022-00976-6

	Yang, H. J., Choi, M. E., Kim, D. H., Won, C. H., Chang, S. E., Lee, M. W., et al. (2025). Immune checkpoint molecules and spatial transcriptome profiles according to BRAF status in acral melanoma. Acad. Dermatol Venereol. doi:10.1111/jdv.20780

	Yang, W., Liang, H., Ma, S., Wang, D., and Huang, J. (2019). Gold nanoparticle based photothermal therapy: development and application for effective cancer treatment. Sustain. Mater. Technol. 22, e00109. doi:10.1016/j.susmat.2019.e00109

	Yang, W., Pan, X., Zhang, P., Yang, X., Guan, H., Dou, H., et al. (2023). Defeating melanoma through a nano-enabled revision of hypoxic and immunosuppressive tumor microenvironment. IJN 18, 3711–3725. doi:10.2147/IJN.S414882

	Yang, X., Zhou, S., Zeng, J., Zhang, S., Li, M., Yue, F., et al. (2024). A biodegradable lipid nanoparticle delivers a Cas9 ribonucleoprotein for efficient and safe in situ genome editing in melanoma. Acta Biomater. 190, 531–547. doi:10.1016/j.actbio.2024.10.030

	Yu, X., Fang, C., Zhang, K., and Su, C. (2022). Recent advances in nanoparticles-based platforms targeting the PD-1/PD-L1 pathway for cancer treatment. Pharmaceutics 14, 1581. doi:10.3390/pharmaceutics14081581

	Yu, Z., Shen, X., Yu, H., Tu, H., Chittasupho, C., and Zhao, Y. (2023). Smart polymeric nanoparticles in cancer immunotherapy. Pharmaceutics 15, 775. doi:10.3390/pharmaceutics15030775

	Zeng, H., Li, J., Hou, K., Wu, Y., Chen, H., and Ning, Z. (2022a). Melanoma and nanotechnology-based treatment. Front. Oncol. 12, 858185. doi:10.3389/fonc.2022.858185

	Zeng, L., Gowda, B. H. J., Ahmed, M. G., Abourehab, M. A. S., Chen, Z.-S., Zhang, C., et al. (2023). Advancements in nanoparticle-based treatment approaches for skin cancer therapy. Mol. Cancer 22, 10. doi:10.1186/s12943-022-01708-4

	Zeng, Z., Gao, H., Chen, C., Xiao, L., and Zhang, K. (2022b). Bioresponsive nanomaterials: recent advances in cancer multimodal imaging and imaging-guided therapy. Front. Chem. 10, 881812. doi:10.3389/fchem.2022.881812

	Zhang, A., Fan, T., Liu, Y., Yu, G., Li, C., and Jiang, Z. (2024). Regulatory T cells in immune checkpoint blockade antitumor therapy. Mol. Cancer 23, 251. doi:10.1186/s12943-024-02156-y

	Zhang, D., Zhang, W., Wu, X., Li, Q., Mu, Z., Sun, F., et al. (2021). Dual modal imaging-guided drug delivery system for combined chemo-photothermal melanoma therapy. IJN 16, 3457–3472. doi:10.2147/IJN.S306269

	Zhang, H., Huang, J., Li, Y., Jin, W., Wei, J., Ma, N., et al. (2025). Celastrol-loaded ginsenoside Rg3 liposomes boost immunotherapy by remodeling obesity-related immunosuppressive tumor microenvironment in melanoma. Acta Pharm. Sin. B 15, 2687–2702. doi:10.1016/j.apsb.2025.03.017

	Zhang, Q., Guo, X., Cheng, Y., Chudal, L., Pandey, N. K., Zhang, J., et al. (2020). Use of copper-cysteamine nanoparticles to simultaneously enable radiotherapy, oxidative therapy and immunotherapy for melanoma treatment. Sig Transduct. Target Ther. 5, 58. doi:10.1038/s41392-020-0156-4

	Zhang, Z., Kong, X., Ligtenberg, M. A., Van Hal-van Veen, S. E., Visser, N. L., De Bruijn, B., et al. (2022). RNF31 inhibition sensitizes tumors to bystander killing by innate and adaptive immune cells. Cell Rep. Med. 3, 100655. doi:10.1016/j.xcrm.2022.100655

	Zhao, B., Chen, S., Hong, Y., Jia, L., Zhou, Y., He, X., et al. (2022). Research progress of conjugated nanomedicine for cancer treatment. Pharmaceutics 14, 1522. doi:10.3390/pharmaceutics14071522

	Zhao, J., Lee, V. E., Liu, R., and Priestley, R. D. (2019). Responsive polymers as smart nanomaterials enable diverse applications. Annu. Rev. Chem. Biomol. Eng. 10, 361–382. doi:10.1146/annurev-chembioeng-060718-030155

	Zhao, X., Bai, J., and Yang, W. (2021). Stimuli-responsive nanocarriers for therapeutic applications in cancer. Cancer Biol. Med. 18, 319–335. doi:10.20892/j.issn.2095-3941.2020.0496

	Zheng, D., Wan, C., Yang, H., Xu, L., Dong, Q., Du, C., et al. (2020). Her2-Targeted multifunctional nano-theranostic platform mediates tumor microenvironment remodeling and immune activation for breast cancer treatment. IJN 15, 10007–10028. doi:10.2147/IJN.S271213

	Zheng, X., Shi, Y., Tang, D., Xiao, H., Shang, K., Zhou, X., et al. (2023). Near-Infrared-II nanoparticles for vascular normalization combined with immune checkpoint blockade via photodynamic immunotherapy inhibit uveal melanoma growth and metastasis. Adv. Sci. 10, 2206932. doi:10.1002/advs.202206932

	Zheng, X., Zhang, J., Li, S., Gao, X., Zhang, Y., Wang, M., et al. (2022). Low doses of niclosamide and quinacrine combination yields synergistic effect in melanoma via activating autophagy-mediated p53-dependent apoptosis. Transl. Oncol. 21, 101425. doi:10.1016/j.tranon.2022.101425

	Zhou, G., Sprengers, D., Mancham, S., Erkens, R., Boor, P. P. C., Van Beek, A. A., et al. (2019). Reduction of immunosuppressive tumor microenvironment in cholangiocarcinoma by ex vivo targeting immune checkpoint molecules. J. Hepatology 71, 753–762. doi:10.1016/j.jhep.2019.05.026

	Zhu, F., Tan, G., Zhong, Y., Jiang, Y., Cai, L., Yu, Z., et al. (2019). Smart nanoplatform for sequential drug release and enhanced chemo-thermal effect of dual drug loaded gold nanorod vesicles for cancer therapy. J. Nanobiotechnol 17, 44. doi:10.1186/s12951-019-0473-3

	Zhu, J., Chang, R., Wei, B., Fu, Y., Chen, X., Liu, H., et al. (2022). Photothermal nano-vaccine promoting antigen presentation and dendritic cells infiltration for enhanced immunotherapy of melanoma via transdermal microneedles delivery. Research 2022, 9816272. doi:10.34133/2022/9816272


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Zhang, Liu and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-13-1648379-g005.jpg
REAL-TIME MONITORING AND
PRECISE INTERVENTION

INTELLIGENT

PRECISE
INTERVENTION






OPS/images/fcell-13-1648379-g003.jpg
Synergy of Nanocarrier Targeting and Imnmunomodaulation

© Immunomodulatory drugs

Immunostimulatory agents

@ Local

concetration

Lymph node ¢

Sy
.

Local concentration
immunostimulatory





OPS/images/fcell-13-1648379-g004.jpg
PDT + Immunother P Immunomodulation

generatlon et A N
generation \

Cell death & Antigen release
antigen relegise \ & immune response

heckpoint
Checkpoin Enttegen T cell

N\ (7 blockade release.
Checkpoint *

blockade

Nanocarrier
Photosensitizer Photothermal agent

Immunomodulation

Systemic
immune
response

Enhanced
immune response





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Advances in mechanisms and challenges in clinical translation of synergistic nanomaterial-based therapies for melanoma		1 INTRODUCTION

		2 LIMITATIONS OF TRADITIONAL THERAPEUTIC MODALITIES		2.1 Chemotherapy and radiotherapy

		2.2 Targeted therapy

		2.3 Immunotherapy





		3 BIOLOGICAL CHARACTERISTICS OF MELANOMA		3.1 High metastatic potential and proneness to recurrence

		3.2 Immunosuppressive tumor microenvironment

		3.3 Lack of targeted and penetrating drug delivery





		4 NEW DIRECTIONS FOR NANOMATERIAL-BASED TUMOR THERAPY RESEARCH		4.1 Unique advantages of nanodrug delivery

		4.2 Advantages of synergistic strategies		4.2.1 Synergistic targeted delivery and immune modulation

		4.2.2 Synergistic effects of PDT and immunotherapy

		4.2.3 Synergistic effects of PTT and immunotherapy

		4.2.4 Synergy of dynamic monitoring and precision intervention

		4.2.5 Other emerging synergistic therapeutic approaches









		5 CHALLENGES IN PRECLINICAL RESEARCH AND TRANSLATION

		6 FUTURE PERSPECTIVES

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-13-1648379-g001.jpg
Immunosuppressive Tumor Lack of Targeted and
Microenvironment Penetrative Drug Delivery

High metastasis
and Recurrence

Lactate
Hypoxia

Melanoma has a
strong tendency to
metastasize

Tumor recurrence
following treatment

High levels of
immunosuppressive cells
and molecules

Functional T cells
suppressed

Difficulty in drug
penetration into the
tumor

Off-target side effects in
hormal tissues





OPS/images/fcell-13-1648379-g002.jpg
Advantages of Nanomaterials

—> sizes : 10-200 nm —» EPR

Packages of drugs
Increased water solubility
and stability

%
= ol -
mOdiﬁcation \1(/ Antibody fragments, peptides, Q\\ F

sugar molecules, etc.

Tumor-specific stimuli (pH, enzymes é .‘
reducing environments, etc.) i@

N

metal nanomaterials

Responsive

External physical triggers (light
electromagnetic, ultrasound, etc.)










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





