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Melanoma is an exceptionally aggressive form of skin cancer, and its prognosis becomes dire once it metastasizes. Although substantial progress has been made in the field of immunotherapy, significant hurdles such as tumor cell immune evasion, the tumor microenvironment (TME), and immune-related adverse effects persist. Recent advancements in nanotechnology offer promising solutions to these challenges by enhancing targeting, stability, and delivery of immunotherapeutic agents. Nano-immunotherapy, which synergizes nanotechnology with immunotherapy, is evolving into a groundbreaking approach for melanoma treatment. Various nanoparticles, including liposomes, dendrimers, and polymeric nanoparticles (PNPs), are under investigation to boost immune responses, deliver immune checkpoint inhibitors (ICIs), and modulate the TME. These nanoparticles can be engineered for precise drug delivery, minimizing off-target effects and enhancing therapeutic outcomes. Moreover, the encapsulation of sensitive molecules such as cytokines, vaccines, and antibodies within nanoparticles ensures their stability and bioavailability. This review delves into the recent advancements in nano-immunotherapy for melanoma, emphasizing the mechanisms through which nanoparticles enhance immune activation and counteract the immunosuppressive TME. Additionally, we address the challenges of translating these nanomaterials into clinical settings, including optimizing nanoparticle design, ensuring safety, and achieving robust immune activation. This review provides a detailed examination of the current landscape and future potential of nano-immunotherapy as a promising strategy for melanoma treatment.
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1 Introduction

Melanoma, an aggressive form of skin cancer originating from melanocytes, is often driven by genetic mutations, particularly those induced by environmental factors like ultraviolet (UV) radiation (1–3). This malignancy has a high metastatic potential and is considered a major cause of skin cancer-related mortality worldwide (4, 5). The incidence of melanoma is increasing, especially among younger populations, presenting a critical public health challenge (6, 7). Despite advancements in early detection and treatment, the prognosis for patients with advanced or metastatic melanoma remains poor, underscoring the need for novel and more effective therapeutic strategies (8, 9). Melanoma’s high mutational burden and the presence of multiple neoantigens enhance its immunogenicity, making it an ideal target for immune-based therapies, though it is complicated by immune evasion mechanisms within the tumor microenvironment (TME) (10). Recent advancements in immunotherapy have significantly improved the treatment landscape for melanoma, particularly with immune checkpoint inhibitors (ICIs) targeting PD-1, PD-L1, and CTLA-4 (11–13). These therapies have yielded promising results, especially in patients with advanced disease (8, 10). However, challenges such as primary and acquired resistance, immune evasion, and the immunosuppressive TME continue to limit the effectiveness of these treatments. These hurdles highlight the need for novel strategies that can enhance immune activation and overcome resistance mechanisms. Nanotechnology offers a promising solution by enabling the development of nanomaterials that can address these limitations.

Nanomaterials, including nanoparticles (NPs), nanogels, liposomes, and micelles, can be engineered for precise drug delivery (14, 15). By utilizing the enhanced permeability and retention (EPR) effect, these materials can deliver therapeutic agents like ICIs, tumor antigens, and chemotherapeutic drugs directly to the tumor site (16, 17). Additionally, nanomaterials can modulate the immune response by mimicking pathogen-associated molecular patterns (PAMPs), thereby triggering innate immune responses and enhancing antigen presentation (18, 19). NP-based vaccines, which co-deliver tumor antigens and immune-stimulatory agents, have demonstrated potential in amplifying the immune system’s ability to target and eliminate melanoma cells (20). The integration of nanotechnology into melanoma immunotherapy also presents a solution to the unique challenges of the TME. Nanomaterials can deliver melanoma-specific antigens to dendritic cells (DCs), activating CD8+ T cells and boosting targeted anti-tumor responses (21, 22). The combination of NPs with ICIs has shown promise in counteracting the immunosuppressive effects of the TME, enhancing therapeutic efficacy (23). Furthermore, NPs can be tailored to suppress the activity of immunosuppressive cells like regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), while simultaneously improving T cell function (22).

Nanomaterials offer a transformative approach to melanoma immunotherapy, enabling more precise treatment, modulation of the immune microenvironment, and overcoming the limitations of conventional therapies (24–26). As research progresses, nanotechnology is expected to play a growing role in the development of personalized and effective melanoma treatments, improving patient outcomes and reshaping the therapeutic paradigm for this challenging cancer.




2 Molecular profiling, targeted therapies and response to ICB of melanoma



2.1 Molecular profiling

The pathophysiology of melanoma is predominantly driven by genetic mutations, many of which are caused by DNA damage resulting from UV radiation exposure (11). These mutations primarily affect key genes involved in regulating cell growth, survival, and apoptosis. Notably, mutations in the BRAF, NRAS, and p53 genes are commonly observed in melanoma, driving unregulated cell proliferation, resistance to programmed cell death, and the eventual development of malignant tumors (27–31). The BRAF V600E mutation, in particular, is one of the most frequently identified genetic alterations in melanoma and is a key target for targeted therapies.

Early-stage melanoma often manifests as a new or changing nevus (mole), characterized by irregular borders, asymmetry, and a range of color variations, including brown, black, blue, or even white or red. While these early lesions may initially appear benign, they are often precursors to malignant melanoma if left unchecked (32). In its early stages, melanoma may be asymptomatic, which can make detection challenging. However, as melanoma progresses, patients may experience symptoms such as itching, tenderness, or bleeding, which serve as red flags for potential malignancy. As melanoma advances, it invades deeper layers of the skin, allowing cancer cells to penetrate the bloodstream and lymphatic system, facilitating metastasis to distant organs. This metastatic ability is a defining feature of melanoma’s aggressive nature and highlights the critical importance of early detection and intervention (33). Untreated melanoma has a high potential for rapid progression, leading to poor survival outcomes. Early molecular profiling and genetic testing can aid in the identification of specific mutations, allowing for more accurate diagnoses and better-targeted treatment strategies. The stages of melanoma progression was showed in Figure 1.
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Figure 1 | Stages of melanoma progression. The illustration delineates the progression of melanoma through distinct stages: from initial to advanced phases. In Stage I, melanoma is confined to the epidermis, originating from melanocytes and is typically small and localized. In Stage II, the melanoma grows in size and thickness, yet remains within the epidermis. By Stage III, the melanoma breaches its confinement, spreading into regional lymph nodes and adjacent soft tissues, as malignant cells begin their migration via lymphatic vessels. Stage IV marks the dissemination of melanoma to distant lymph nodes, tissues, and organs far from the primary tumor site. Cancer cells may also travel through the bloodstream to distant organs such as the lungs, liver, or brain. This progression underscores the critical importance of early detection for improved patient prognosis. Created with BioRender.




2.2 Targeted therapies

Molecular evaluation of driver mutations has become standard practice in guiding treatment decisions for melanoma patients, particularly those undergoing systemic therapy (Figure 2). Among the most commonly observed mutations is in the BRAF oncogene, found in approximately 50% of melanoma cases. The discovery of BRAF mutations catalyzed the development of targeted therapies, significantly improving patient outcomes (34, 35). BRAF is a serine-threonine kinase within the RAS-RAF-MEK-ERK signaling pathway. Mutations such as BRAF V600E lead to the constitutive activation of MEK and ERK, driving uncontrolled tumor cell growth (36, 37). Other mutations commonly found in melanoma include NRAS (28% of cases), NF1 (14%), and KIT (15-20% in acral and mucosal melanomas) (38–43). These mutations can be detected through molecular testing of primary tumor samples, metastatic tissues, or regional lymph nodes.
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Figure 2 | The timeline highlights FDA-sanctioned targeted treatments and immunotherapies for melanoma, underscoring the potential, barriers, and hurdles associated with nano-immunotherapy in this context. Created with BioRender.

The approval of the BRAF inhibitor vemurafenib marked a significant advancement in the treatment of metastatic melanoma harboring BRAF V600 mutations (44). Clinical studies have shown that vemurafenib induces partial or complete tumor regression in patients with BRAF V600E-mutated melanoma (45). Similarly, MEK inhibitors like trametinib have shown considerable improvements in progression-free survival (PFS) and overall survival (OS) when combined with BRAF inhibitors, representing a paradigm shift in melanoma treatment (37, 46). The combination of BRAF and MEK inhibitors, such as dabrafenib and trametinib, has proven particularly effective, enhancing PFS and OS while minimizing toxicity compared to BRAF inhibition alone (45). These combination regimens are now the standard for treating BRAF-mutant metastatic melanoma.

In addition to their use in metastatic melanoma, BRAF and MEK inhibitors have also been explored in the adjuvant setting. The COMBI-AD phase III trial demonstrated that patients with resected stage III BRAF-mutated melanoma who received dabrafenib and trametinib as adjuvant therapy had longer relapse-free survival (RFS) and distant metastasis-free survival compared to those receiving placebo (47). This led to the FDA approval of the regimen in 2018. While combination BRAF-MEK inhibition has become a cornerstone in treating BRAF-mutant melanoma, ongoing research is focused on its optimal role in the adjuvant setting, particularly in comparison with adjuvant immunotherapy. Moreover, there is emerging interest in the use of neoadjuvant BRAF and MEK inhibitors to improve treatment outcomes for melanoma patients.

For melanomas with mutations outside of BRAF, targeted therapies offer promise, especially in second-line settings. Approximately 15-20% of acral and mucosal melanomas harbor activating mutations in the KIT gene (42, 48). In such cases, the tyrosine kinase inhibitor imatinib has been shown to extend PFS, with a disease control rate of around 55%. Patients with cutaneous melanoma harboring rare TRK gene fusions may benefit from therapies like larotrectinib and entrectinib, designed specifically to target these fusions (49, 50). Additionally, mutations in NRAS are present in 15-20% of BRAF-wildtype cutaneous melanomas (41). For these patients, first-line treatment with immunotherapy is typically recommended; however, if progression occurs, the addition of the MEK inhibitor binimetinib or participation in clinical trials can provide further therapeutic options.




2.3 Response to immune checkpoint blockade

Nano-immunotherapy has emerged as a pivotal approach in melanoma treatment, primarily by activating immune cells. This innovative strategy has shown promise, yet faces numerous challenges and obstacles. The TME significantly impacts melanoma’s transcriptomic landscape, meaning nano-immunotherapy not only induces tumor cell death but may also drive shifts in melanoma cell states and meta-programs (51). Clinical melanoma samples analyzed through bulk RNA sequencing before and during immunotherapy have revealed that immune-related genes are upregulated in patients who respond to treatment, whereas mesenchymal (MES)-related genes are predominant in non-responders (52–54). However, these analyses are complicated by overlapping gene signatures among melanoma cell states/meta-programs and various TME components such as immune cells and cancer-associated fibroblasts (CAFs) (55–57).

Single-cell RNA sequencing has identified the first cancer cell-specific meta-program linked to T cell exclusion and resistance to immunotherapy, characterized by increased levels of CDK4, MYC, and CDK7 (58–60). A recent comparative study examining biopsies before treatment and during early treatment found a rare cell population enriched with a MES transcriptional program driven by the transcription factor TCF4 (ITF2), notably present in early treatment samples of non-responders (61). Although lineage tracing or barcoding would be needed to confirm this, it’s plausible that ICB-induced transcriptional reprogramming leads to an increase in MES cells. This hypothesis is supported by earlier studies demonstrating that adoptive T cell transfer can induce melanoma cell de-differentiation in preclinical models.

Genetic targeting of TCF4 or using bromodomain and extra-terminal motif (BET) inhibitors has been shown to enhance melanoma cell recognition by T cells in co-culture experiments, increasing the sensitivity of melanoma lesions to ICB in mouse models (62–64). These findings indicate that MES melanoma cells are particularly adept at evading immune responses, possibly by downregulating antigen processing and presentation pathways and the T cell-attracting chemokine CXCL10 (65, 66). Their increased migratory ability may further contribute to immune evasion. However, the mechanism by which this small MES cell population promotes ICB resistance within the tumor ecosystem remains unclear. One hypothesis is that they may exert influence in a paracrine, or non-cell-autonomous manner, perpetuating the cancer immune cycle and reinforcing antitumor immune response as immune-stimulatory factors accumulate. Conversely, responders to ICB therapies exhibit increased antigen-presenting cell populations, aligning with studies that associate MHC class II (HLA-DR) molecule expression in melanomas with higher densities of CD8+ tumor-infiltrating lymphocytes (TILs) and favorable anti-PD-1 therapy responses (67, 68). These insights have deepened our understanding of melanoma ecosystem evolution under ICB treatment and suggested strategies to convert non-responding lesions into responding ones by modulating the gene regulatory network in de-differentiated melanoma MES cells.

Overall, cell states and response to ICB of melanoma was showed in Figure 3. Future strategies might focus on pharmaceutical interventions that limit melanoma cell plasticity, preventing the emergence of MES cells or directing them towards a more differentiated state, thereby enhancing ICB response by mitigating immune evasion. Approaches targeting cell plasticity and the MES-to-MEL differentiation trajectory should be considered in forthcoming melanoma therapies to improve outcomes for ICB-resistant patients.
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Figure 3 | Cell states and response to ICB of melanoma. Nano-immunotherapy presents new avenues for addressing melanoma by utilizing the body’s immune system. ICB can trigger reprogramming of melanoma cell states and meta-programs via immune cell activation. However, in non-responsive patients, melanocytic melanoma cells may escape recognition and destruction by undergoing cytokine-induced de-differentiation. To counteract resistance to ICB, one strategy is to target these de-differentiated melanoma cells with agents like bromodomain and extra-terminal motif (BET) inhibitors. Alternatively, a ‘plasticity therapy’ could be designed to either inhibit de-differentiation or encourage differentiation. In patients who respond well to treatment, activated immune cells can effectively identify melanocytic melanoma cells, which can be tracked by a strong induction of the antigen presentation meta-program. Created with BioRender.

Despite significant advances, successful immunotherapy in melanoma faces several mechanistic challenges. Tumor-induced immunosuppression, heterogeneous tumor microenvironments, and inefficient delivery of therapeutic agents often limit response rates and durability of treatment. Conventional approaches frequently struggle to achieve targeted and controlled modulation of immune pathways due to biological barriers, off-target effects, and the dynamic nature of tumor-immune interactions. Nanoparticles offer a versatile platform to surmount these obstacles by enabling precise delivery of immune modulators directly to tumor sites, thereby enhancing local efficacy while reducing systemic toxicity. Their capacity for surface modification allows for targeted engagement with specific immune cells or tumor components, fostering reprogramming of the tumor microenvironment (TME) toward an immunostimulatory state. Furthermore, nanomaterials can co-deliver multiple therapeutic agents, synchronize immune activation with tumor ablation, and respond adaptively to the tumor milieu through stimuli-responsive designs. Collectively, these features position nanoparticles as powerful tools to mechanistically overcome the barriers limiting current immunotherapies and to realize more personalized, durable, and effective melanoma treatments.





3 The mechanism of NP-based drug delivery systems

NP-based drug delivery systems have emerged as a promising strategy for targeted and controlled drug delivery, offering substantial improvements over conventional drug delivery methods (69–71). These NPs can be internalized by cells via various mechanisms, each with distinct advantages tailored to specific therapeutic applications (72–74). The most commonly observed mechanisms of internalization include receptor-mediated endocytosis, phagocytosis, and pinocytosis (75, 76).

Receptor-mediated endocytosis is a highly selective process where NPs are internalized by cells through specific interactions between ligands on the NP surface and corresponding receptors on the cell membrane (77). This binding triggers the formation of clathrin-coated pits, which invaginate to form vesicles containing the NPs. This mechanism allows for precise drug delivery, as it ensures targeting to specific cell types or tissues, making it particularly effective for precision therapies. In contrast, phagocytosis, primarily carried out by specialized immune cells such as macrophages and DCs, involves the engulfment of larger particles, including NPs (78). The particles are enclosed by pseudopodia, forming phagosomes that fuse with lysosomes for degradation. This pathway is particularly beneficial for delivering therapeutic agents to immune cells or for immune-modulatory therapies. Pinocytosis, often referred to as “cell drinking,” involves the non-selective uptake of extracellular fluids and small molecules. This process occurs via two primary pathways: clathrin-mediated endocytosis, where NPs are engulfed by clathrin-coated pits, and caveolae-mediated endocytosis, which involves small membrane invaginations called caveolae that facilitate NP internalization (79).

To enhance the cellular uptake of NPs, several surface modification strategies have been developed, aimed at optimizing drug delivery efficiency (80). One of the most common strategies is ligand conjugation, where specific ligands such as antibodies, peptides, or aptamers are attached to the NP surface (81). These ligands selectively bind to cell surface receptors, promoting receptor-mediated endocytosis and improving targeted drug delivery. Another method involves modifying the surface charge of NPs, which can improve interactions with the negatively charged cell membranes, thereby enhancing internalization (82). Furthermore, the use of cell-penetrating peptides (CPPs) to coat NPs can facilitate their traversal across the cell membrane, promoting efficient intracellular drug delivery (83, 84).

The controlled release of the drug cargo from NPs is another critical factor in the design of effective drug delivery systems (85, 86). Parameters such as NP size, shape, and composition significantly influence the rate at which the drug is released. Smaller NPs generally release their cargo more rapidly due to their larger surface area-to-volume ratio, which enhances diffusion (87). The shape of the NPs also impacts release rates, with rod-shaped or porous structures often enabling more controlled release through altered internal configurations (88). Biodegradable NPs offer the added advantage of gradually releasing their drug payload as they degrade, allowing for a more controlled release profile (89). On the other hand, non-biodegradable NPs may require external stimuli, such as temperature, pH changes, or enzyme activity, to trigger the release of their drug cargo (90). This has led to the development of stimuli-responsive NPs, which can release drugs in response to specific conditions in the TME, such as the acidic pH or the presence of tumor-associated enzymes (91).

NP-based drug delivery systems hold significant promise for improving drug targeting and controlled release. By optimizing surface modifications to enhance cellular uptake and designing NPs that respond to specific environmental cues for drug release (80, 92), it is possible to create more effective and precise therapies for a wide range of diseases, including melanoma (Figure 4). A deeper understanding of the mechanisms of NP internalization and drug release will be crucial to advancing the clinical applications of NP-based therapies, ensuring better therapeutic outcomes and minimizing side effects.
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Figure 4 | Nanomaterials as platforms for nano-drug delivery systems (nano-ddss) in melanoma. Nanomaterials such as liposomes, nanostructured lipid carriers (NLCs), solid lipid nanoparticles (SLNs), hydrogels, nanoemulsions, polymer micelles, and inorganic nanoparticles (NPs) are promising platforms for nano-drug delivery systems (nano-DDSs) in melanoma treatment, offering several advantages. Liposomes and lipid-based nanoparticles (NLCs, SLNs) improve drug solubility, bioavailability, and stability while reducing toxicity. NLCs, in particular, allow for sustained release and can encapsulate a variety of hydrophobic drugs. Hydrogels provide localized, stimulus-responsive drug delivery, while nanoemulsions enhance the solubility and skin penetration of poorly soluble drugs. Polymer micelles improve drug stability and release by responding to changes in the tumor microenvironment. Inorganic nanoparticles, like gold and silica, are versatile carriers that enable targeted delivery and theranostic applications. These nanomaterials’ ability to enhance drug delivery, stability, and specificity makes them promising candidates for improving melanoma therapies. Created with BioRender.




4 Nano−based therapeutics for immunotherapy in melanoma



4.1 Lipid−based NPs

LNPs have emerged as versatile platforms for overcoming key challenges in melanoma immunotherapy, including TME immunosuppression, limited antigen delivery efficiency, and systemic toxicity (Table 1). Their unique structural adaptability enables precise modulation of immune responses through multifunctional designs.


Table 1 | Lipid based nanoparticles for immunotherapy in melanoma.
	Nanosystem
	Approaches
	Biological function
	Reference



	Lipid-calcium-phosphate (LCP) nanoparticles
	Co-delivery of TGF-β siRNA and LCP vaccines
	Overcomes TME immunosuppression, enhances antigen presentation, and improves antitumor responses in advanced melanoma
	(93)


	Lipid-polyarginine-hyaluronic acid (LPH) nanoparticles
	Co-delivery of TGF-β siRNA and LCP vaccines
	Silences immunosuppressive signals, enhances antigen presentation
	(93)


	Zinc-chelating lipid-coated zinc phosphate hybrid nanoparticles (LZnP NPs)
	High peptide loading efficiency and MHC class I/II presentation
	Promotes cross-presentation via MHC class I/II, enhances immune responses across diverse HLA haplotypes
	(94)


	Immunogenic nanoliposomes with TLR4 agonist KDO2
	Encapsulation of hexavalent melanoma vaccine and TLR4 agonist
	Enhances CD8+/CD4+ T cell priming, synergizes with checkpoint inhibitors, prolongs survival
	(95)


	IL-13-functionalized long-circulating liposomes (IL-13-LCL-SIM) and PEGylated extracellular vesicles (PEG-EV-DOX)
	Disrupts TAM-melanoma cell crosstalk, delivers doxorubicin
	Selectively depletes protumoral M2-TAMs, induces oxidative stress and apoptosis, reshapes TME, suppresses metastasis
	(96)


	Transdermal LPPC-DOX-CpG nanocomplex
	Combines cationic liposomes, doxorubicin, and CpG ODNs
	Activates APCs and CTLs, inhibits primary and metastatic lesions
	(97)


	pLCGM-OVA nanoagonist
	Co-delivery of Cu/Mn ions and ovalbumin antigen
	Induces ROS-mediated cuproptosis, activates cGAS-STING pathway, amplifies DC maturation and CTL infiltration, theranostic application
	(98)









4.1.1 Overcoming TME immunosuppression

In advanced melanoma, the immunosuppressive TME dominated by TGF-β severely limits therapeutic efficacy. While lipid-calcium-phosphate (LCP) NPs showed early promise in antigen delivery for primary melanoma, their efficacy in late-stage disease was constrained by TGF-β-mediated immune suppression (93). To address this, lipid-polyarginine-hyaluronic (LPH) acid NPs were engineered to co-deliver TGF-β siRNA and LCP vaccines. This dual-action strategy silenced immunosuppressive signals while enhancing antigen presentation, significantly improving antitumor responses in advanced melanoma models (93).




4.1.2 Enhancing antigen delivery and immunogenicity

Antigen encapsulation efficiency and MHC-restricted immune activation are critical for vaccine efficacy. Zinc-chelating lipid-coated zinc phosphate hybrid NPs (LZnP NPs) leverage zinc’s coordination properties to achieve >90% peptide loading efficiency. Their lipid bilayer enhances colloidal stability and biocompatibility, while the hybrid core promotes cross-presentation via MHC class I/II pathways, broadening T cell responses across diverse HLA haplotypes (94). Building on this, a hexavalent melanoma vaccine encapsulated in immunogenic nanoliposomes with TLR4 agonist KDO2 demonstrated enhanced CD8+/CD4+ T cell priming. This design overcame peptide instability and drug resistance, synergizing with checkpoint inhibitors to prolong survival (95).




4.1.3 Combinatorial strategies for dual targeting

Lipid-based systems enable spatiotemporal control of chemoimmunotherapy. For example, IL-13-functionalized long-circulating liposomes (IL-13-LCL-SIM) and PEGylated extracellular vesicles (PEG-EV-DOX) were designed to disrupt crosstalk between tumor-associated macrophages (TAMs) and melanoma cells. IL-13-LCL-SIM selectively depleted protumoral M2-TAMs, while PEG-EV-DOX delivered doxorubicin (DOX) to tumor cells, inducing oxidative stress and apoptosis. This dual targeting reshaped the TME and suppressed metastatic progression (96). Similarly, a transdermal LPPC-DOX-CpG nanocomplex combined cationic liposomes (LPPC), DOX, and CpG ODNs. This system activated antigen-presenting cells (APCs) and cytotoxic T lymphocytes (CTLs), inhibiting both primary and metastatic lesions in visceral organs (97).




4.1.4 Activating novel immunogenic pathways

Recent advances integrate lipid NPs with immunogenic cell death (ICD) inducers. The pLCGM-OVA nanoagonist co-delivers Cu/Mn ions and ovalbumin antigen, responding to acidic TME for controlled release. Cu ions induce ROS-mediated cuproptosis, while Mn ions activate the cGAS-STING pathway, amplifying DC maturation and CTL infiltration. Remarkably, pLCGM-OVA’s intrinsic MRI T1 contrast enabled real-time monitoring of therapeutic responses, exemplifying a theranostic paradigm (98).





4.2 Polymeric nanoparticles

PNPs have emerged as a transformative platform in melanoma immunotherapy, leveraging their structural versatility to enhance immune activation, optimize drug delivery, and reprogram the TME (Table 2). These systems integrate multifunctional designs to address the complex immunosuppressive landscape of melanoma.


Table 2 | Polymeric nanoparticles for immunotherapy in melanoma.
	Nanosystem
	Approaches
	Biological function
	Reference



	Tobacco mosaic virus (TMV)-based PNPs
	Co-loaded with TLR-7 agonist 1V209 and photothermal polydopamine (PDA)
	Synergistic photothermal-immunotherapy; induces tumor-specific CD8+ T cells and prolonged survival in melanoma
	(99)


	Nano-hydroxyapatite (nHA) and GM-CSF hydrogel
	Thermosensitive hydrogel combining nHA and GM-CSF
	Dual immunomodulation: nHA induces tumor cell apoptosis, GM-CSF enhances DC recruitment and antigen presentation
	(100)


	Peptide nanotube (PNT)-based PNPs
	Delivery of cyclic dinucleotide c-di-GMP for STING pathway activation
	Enhances cytosolic STING activation, boosts type I interferon production, CD8+ T cell-mediated tumor suppression
	(101)


	Bioengineered nanogels (CDNPs)
	Co-encapsulation of BRAF and COX2 inhibitors, combined with anti-PD-1
	Induces melanoma cell pyroptosis, enhances cytotoxic T lymphocyte infiltration and tumor regression
	(102)


	Ato/cabo@PEG-TK-PLGA system
	Dual transdermal and intravenous delivery, targets MDSCs via H2O2-triggered release
	Suppresses MDSC-mediated T cell inhibition, synergizes with PDT to eradicate primary tumors and prevent metastasis
	(103)


	Fluorocarbon-modified chitosan (FCS) nanoparticles
	Loaded with poly(I:C), paired with anti-PD-1 therapy
	Reprograms the TME, activates DCs, enhances CD8+ T cell priming, improves checkpoint inhibitor efficacy
	(104)


	Poly-metformin-based carboxymethyl chitosan (PolyMetCMCS) nanogels
	Selectively promotes M1 macrophage polarization
	Activates DC maturation, recruits cytotoxic T cells, inhibits tumor growth, establishes long-term immunological memory
	(105)









4.2.1 Immune activation via PAMP engagement

PNPs excel in delivering immune-stimulating payloads to activate innate and adaptive immunity. For instance, tobacco mosaic virus (TMV)-based PNPs co-loaded with the TLR-7 agonist 1V209 and photothermal polydopamine (PDA) achieved synergistic photothermal-immunotherapy. Under laser irradiation, the 1V209-TMV-PDA system induced localized hyperthermia for tumor ablation while triggering systemic antitumor immunity, marked by elevated tumor-specific CD8+ T cells and prolonged survival in melanoma-bearing mice (99). Complementing this, a thermosensitive hydrogel combining nano-hydroxyapatite (nHA) and GM-CSF demonstrated dual immunomodulation: nHA selectively induced tumor cell apoptosis via calcium overload, while GM-CSF amplified DC recruitment and antigen presentation. This combination outperformed monotherapies, highlighting the potential of PNPs to orchestrate spatially controlled immune activation (100).




4.2.3 Precision delivery of STING agonists and combinatorial therapeutics

The cyclic dinucleotide c-di-GMP, a potent STING pathway activator, was effectively delivered using peptide nanotube (PNT)-based PNPs. The c-di-GMP-PNT complex enhanced cytosolic STING activation in APCs, resulting in robust type I interferon production and CD8+ T cell-mediated tumor suppression. Notably, this strategy not only controlled primary melanoma but also inhibited metastatic spread, underscoring its systemic immunomodulatory capacity (101). Further advancing combination therapy, bioengineered nanogels (CDNPs) co-encapsulating BRAF and COX2 inhibitors induced melanoma cell pyroptosis—a highly ICD mode. When combined with anti-PD-1 antibodies, CDNPs synergistically enhanced CTL infiltration and tumor regression, providing a blueprint for overcoming ICB resistance (102).




4.2.4 Reprogramming immunosuppressive TME

PNPs are uniquely suited to dismantle immunosuppressive networks within the TME. The Ato/cabo@PEG-TK-PLGA system, administered via dual transdermal and intravenous routes, targeted MDSCs through localized hydrogen peroxide (H2O2)-triggered release of atovaquone and cabozantinib. This approach suppressed MDSC-mediated T cell inhibition while synergizing with photodynamic therapy (PDT) to eradicate primary tumors and prevent metastasis (103). Similarly, fluorocarbon-modified chitosan (FCS) NPs loaded with poly(I:C) reprogrammed the TME by activating DCs and enhancing CD8+ T cell priming. When paired with anti-PD-1 therapy, this system significantly improved checkpoint inhibitor efficacy, demonstrating PNPs’ ability to convert “cold” tumors into immunogenic niches (104).




4.2.5 Macrophage polarization and postoperative immunity

A breakthrough in macrophage-centric therapy was achieved using poly-metformin-based carboxymethyl chitosan (PolyMetCMCS) nanogels. These PNPs selectively promoted M1 macrophage polarization via STAT3/NF-κB pathway modulation, which in turn activated DC maturation and cytotoxic T cell recruitment. In postsurgical melanoma models, PolyMetCMCS nanogels not only inhibited residual tumor growth but also established long-term immunological memory, preventing recurrence—a critical advancement for adjuvant immunotherapy (105).





4.3 Protein-based NPs

Protein-based NPs (PNPs) have emerged as a transformative strategy to counteract melanoma’s immunosuppressive TME, addressing key challenges such as immune evasion, defective antigen presentation, and impaired cytotoxic T cell activity (Table 3). By leveraging the inherent biocompatibility and molecular specificity of proteins, these nanoplatforms enable precise modulation of immune pathways, offering novel solutions to reinvigorate antitumor immunity.


Table 3 | Protein based nanoparticles for immunotherapy in melanoma.
	Nanosystem
	Approaches
	Biological function
	Reference



	Trimeric trap proteins
	Sequester Wnt5a, delivered via PNPs
	Neutralizes Wnt5a’s pro-fibrotic effects, restores DC functionality, enhances CTL infiltration, improves survival
	(106)


	Lipid-protein hybrid nanoparticles (LPNs)
	Delivers plasmid DNA encoding Fas (hCOFAS01)
	Restores Fas expression, sensitizes melanoma to CTL attack, enhances tumor cell apoptosis, reprograms TME
	(107)


	Cyclic peptide-PNP system
	Delivers cyclic peptides to block CD47-SIRPα interactions
	Disrupts immune evasion, promotes macrophage phagocytosis of tumor cells, enhances innate immunity
	(108)









4.3.1 Disrupting tumor-derived immunosuppression: Targeting Wnt5a in BRAF-mutant melanoma

In BRAF-mutant melanomas, Wnt5a overexpression drives stromal fibrosis and DC tolerization, creating an immune-excluded TME. To reverse this immunosuppressive axis, trimeric trap proteins were engineered to sequester Wnt5a and delivered via PNPs. This approach neutralized Wnt5a’s pro-fibrotic effects, restoring DC functionality and enabling CTL infiltration. When combined with low-dose DOX—a chemotherapy agent that induces ICD—the trapped Wnt5a-PNP system synergistically enhanced tumor antigen release and cross-presentation. Preclinical studies demonstrated that this dual-action strategy not only suppressed primary tumor growth but also established systemic immune memory, significantly improving survival in aggressive melanoma models (106).




4.3.2 Resurrecting apoptotic signaling: Restoring Fas-mediated immune surveillance

Epigenetic silencing of the Fas death receptor in melanoma cells allows them to evade CTL-mediated apoptosis. To overcome this resistance, lipid-protein hybrid NPs (LPNs) were designed to deliver plasmid DNA encoding Fas (hCOFAS01). These PNPs efficiently transfected tumor cells, reinstating Fas expression and sensitizing melanoma to CTL attack. The restored Fas signaling cascade triggered tumor cell apoptosis while concurrently reprogramming the TME, as evidenced by increased CTL infiltration and reduced immunosuppressive cytokine levels. This gene-editing strategy highlights PNPs’ capacity to resurrect defective apoptotic pathways and reverse immune tolerance, providing a blueprint for restoring tumor cell susceptibility to immune elimination (107).




4.3.3 Unleashing innate immunity: blocking CD47-SIRPα “don’t eat me” signals

The CD47-SIRPα axis is a master regulator of macrophage-mediated immune evasion in melanoma. To disrupt this checkpoint, cyclic peptides mimicking the SIRPα-binding domain of CD47 were synthesized and delivered via PNPs. Engineered with a threonine-to-phenylalanine mutation (T/F variant), these cyclic peptides exhibited enhanced binding affinity for human SIRPα compared to linear counterparts. In human melanoma models, the peptide-PNP system competitively inhibited CD47-SIRPα interactions, thereby unleashing macrophage phagocytosis of tumor cells. Notably, the species-specific efficacy of these peptides—demonstrating higher activity in human cells than in murine systems—underscores their translational potential for clinical immunotherapy. This work exemplifies how PNPs can be tailored to block immune checkpoints and reactivate innate immune effector functions (108).





4.4 Metallic-based NPs

MNPs are revolutionizing melanoma immunotherapy by exploiting their intrinsic catalytic, magnetic, and optical properties to orchestrate multimodal antitumor immune responses (Table 4). These nanoplatforms address the immunosuppressive TME through mechanisms spanning macrophage polarization, ICD, and vascular remodeling, offering unprecedented opportunities for synergistic therapy.


Table 4 | Metallic based nanoparticles for immunotherapy in melanoma.
	Nanosystem
	Approaches
	Biological function
	Reference



	Iron oxide nanoparticles (FMT-pIC)
	Functionalized with TLR3 agonist poly(I:C) to polarize M2-TAMs into M1 phenotypes
	Enhances phagocytosis, cytokine secretion (e.g., TNF-α, IL-12), activates CTLs, suppresses melanoma growth
	(109, 110)


	Manganese-zinc sulfide (ZMS) nanoparticles
	Co-loaded with IR780 for chemodynamic therapy (CDT) and photothermal therapy (PTT)
	Generates ROS, induces hyperthermia, activates DCs, promotes CTL infiltration, amplifies cGAS-STING pathway
	(111)


	Redox-responsive magnetic nanocarriers (rMMNs)
	Glutathione-triggered release of miR-30a-5p, polarizes TAMs to M1 states, inhibits angiogenesis
	Silences E2F7, enhances IL-6/IL-12 secretion, recruits CTLs, disrupts angiogenesis
	(112, 113)


	Metal-organic frameworks (MOF) TPL@TFBF
	Releases Fe3+ and tannic acid to induce ferroptosis and pyroptosis in melanoma cells
	Triggers immunogenic cell death, recruits DCs, enhances CD8+ T cell priming, enhances anti-PD-1 therapy efficacy
	(114)









4.4.1 Macrophage-centric immunotherapy via iron oxide NPs

Iron oxide NPs, such as ferumoxytol (FMT), have emerged as potent tools for reprogramming TAMs. Functionalization of FMT with TLR3 agonist poly(I:C) (FMT-pIC) converted immunosuppressive M2-TAMs into tumoricidal M1 phenotypes, enhancing phagocytosis and pro-inflammatory cytokine secretion. This polarization disrupted stromal barriers and activated CTLs, significantly suppressing melanoma growth and metastasis. The therapeutic potential of iron oxides was further amplified in a nanovaccine formulation combining FMT with TLR4 agonist MPLA, which synergized with α-CD40 antibodies to induce tumor necrosis and systemic immunity in checkpoint inhibitor-resistant models (109).




4.4.2 Combinatorial chemodynamic-photothermal activation

Manganese-zinc sulfide (ZMS) NPs co-loaded with near-infrared dye IR780 exemplify the integration of chemodynamic therapy (CDT) and photothermal therapy (PTT). Under laser irradiation, ZMS-IR780 generated cytotoxic reactive oxygen species (ROS) via Fenton-like reactions while inducing localized hyperthermia. This dual action triggered ICD, releasing damage-associated molecular patterns (DAMPs) that activated DCs and promoted CTL infiltration. Concurrently, manganese ions released from ZMS activated the cGAS-STING pathway, amplifying type I interferon production and establishing durable antitumor immunity against both primary and metastatic lesions (110).




4.4.3 Redox-responsive gene delivery and angiogenesis inhibition

Redox-responsive magnetic nanocarriers (rMMNs) addressed ocular melanoma’s therapeutic resistance through glutathione-triggered release of miR-30a-5p, which silenced the oncogenic transcription factor E2F7 to suppress tumor proliferation. Simultaneously, iron ions within rMMNs polarized TAMs to M1 states, enhancing IL-6/IL-12 secretion and recruiting CTLs. In parallel studies, FMT-pIC NPs inhibited melanoma angiogenesis by downregulating VEGF and angiopoietin-2, disrupting endothelial cell networks and synergizing with macrophage-driven immune activation to create a hostile TME for tumor survival (111).




4.4.4 Orchestrating ICD via metal-organic frameworks (MOFs)

The folate-modified MOF NP TPL@TFBF demonstrated precision induction of ferroptosis and pyroptosis—two ICD modalities. By releasing Fe3+ and tannic acid in melanoma cells, TPL@TFBF initiated Fenton reactions for lipid peroxidation (ferroptosis) while activating gasdermin D-mediated pyroptosis. The resultant DAMPs, including ATP and HMGB1, recruited DCs and enhanced CD8+ T cell priming. When combined with anti-PD-1 therapy, this strategy achieved complete tumor regression in 40% of treated cases, showcasing MNPs’ ability to convert immunologically “cold” tumors into “hot” lesions (112).





4.5 Exosome-based NPs

Nearly all cell types secrete exosomes, nanoscale vesicles measuring 40–160 nm in diameter. These vesicles play a pivotal role in intercellular communication by transporting bioactive molecules—including lipids, DNA, proteins, and various RNA species (such as microRNAs)—from donor to recipient cells (113). Ubiquitous in bodily fluids, exosomes are readily accessible through liquid biopsies, making them valuable sources of molecular information. Originating from late endosomes and multi-vesicular bodies (MVBs), exosomes are released into the extracellular space upon MVB fusion with the plasma membrane. Remarkably, they retain both the surface morphology and luminal content of their parent cells, including tumor cells (114). Upon reaching target cells, exosomes deliver their cargo either through membrane fusion or phagocytosis, thereby modulating recipient cell phenotypes.



4.5.1 Therapeutic potential in oncology

While exosome-based cancer therapeutics require further clinical investigation, preclinical studies have demonstrated significant promise. Current immunotherapies, despite revolutionizing cancer treatment and improving survival rates in advanced cases, show limited efficacy against solid tumors compared to hematologic malignancies. This disparity stems from differential expression of immunoregulatory compounds that enhance immune cell interactions with hematological tumor cells (115).

The limited success of immunotherapy in solid tumors arises from several key challenges: The immunosuppressive and hypoxic TME impairs T cell proliferation, differentiation, and effector functions. Physical barriers (e.g., extracellular matrix, abnormal vasculature, cancer-associated fibroblasts) hinder immune cell infiltration and drug delivery while compromising T cell cytotoxicity. Immunosuppressive populations (MDSCs, Tregs, TAMs) within the TME actively suppress anti-tumor immunity (116).

For instance, while CTLA-4 inhibitors like ipilimumab enable 21% of patients to achieve 10-year survival and PD-1 inhibitors help 30% of advanced cancer patients survive beyond 5 years, these ICIs frequently cause immune-related adverse events (irAEs) (23). These limitations underscore the need for novel immunotherapeutic strategies with improved efficacy and safety profiles.




4.5.2 Exosomes in tumor-immune crosstalk

As master regulators of intercellular signaling, exosomes mediate complex communication networks between tumor and immune cells. They facilitate immune cell activation through interimmune signaling while simultaneously presenting tumor-associated antigens to counteract immune evasion (82). Their unique ability to penetrate tumor ECM and resist TME-mediated suppression makes them particularly promising for overcoming cell therapy limitations (83).




4.5.3 Advantages as drug delivery vehicles

The ideal drug delivery system must ensure safety, efficacy, and proper biodistribution. While various platforms (micelles, nanoparticles, liposomes) have been explored (117), exosomes offer distinct advantages: Natural biocompatibility: Low immunogenicity and high stability. Enhanced targeting: Bioengineered exosomes can deliver payloads (chemotherapeutics, RNAs) specifically to tumor cells (118). Biological barrier penetration: Innate ability to traverse biological obstacles while avoiding lysosomal degradation, improving delivery efficiency (92). Cargo protection: The vesicular structure shields contents from degradation, enhancing stability. This unique combination of properties positions exosomes as exceptionally promising vehicles for next-generation cancer therapeutics.






5 Mechanisms of action of nanodrug delivery systems in improving immunotherapeutic efficacy



5.1 Nanotechnology for adoptive cell therapy

Immunotherapy for melanoma encompasses a diverse array of approaches that fundamentally aim to harness and modulate the immune system’s capacity to recognize and eliminate tumor cells. These strategies—ranging from immune checkpoint inhibitors (ICIs) and tumor vaccines to nanomaterial-based delivery systems—are interconnected both mechanistically and clinically, as they often complement or enhance one another’s effects. For example, ICIs like anti-PD-1 and anti-CTLA-4 antibodies relieve inhibitory signals on T cells, thereby enabling a more robust immune response. Vaccine-based approaches aim to prime the immune system by presenting tumor-specific antigens, which can be further potentiated by nanocarriers that improve antigen delivery and immune activation. Nanoparticle platforms serve as versatile tools that can simultaneously deliver multiple immunomodulatory agents—such as cytokines, adjuvants, or genetic material—integrating the mechanisms of immune activation, suppression of immune evasion, and targeted delivery into a synergistic treatment paradigm. Clinically, combining these modalities can address the limitations of monotherapies, such as resistance or insufficient immune activation, providing a multifaceted attack against melanoma. Understanding how these strategies mechanistically interplay allows for the rational design of combination therapies that maximize therapeutic efficacy while minimizing adverse effects. ACT faces challenges in melanoma treatment due to immunosuppressive TMEs and limited T cell persistence. Nanotechnology is revolutionizing ACT by enhancing T cell expansion, reprogramming immune niches, and amplifying antitumor immunity through multifunctional platforms. Below we synthesize key advances in nanomaterial-engineered strategies to optimize ACT efficacy (Table 5).


Table 5 | Nanotechnology for adoptive cell therapy.
	Nanosystem
	Approaches
	Biological function
	Reference



	Dual-targeting M2-TAM-specific nanoparticles (M2NPs)
	Conjugates α-M2pep peptides and SR-B1 ligands to deplete M2-TAMs, delivering siRNA
	Reduces IL-10 and TGF-β secretion, enhances CD8+ T cell infiltration, induces tumor regression
	(120)


	Ginseng-derived extracellular vesicles (GDNPs)
	Polarizes M2-TAMs to M1 phenotypes via TLR4/MyD88 signaling
	Induces ROS-mediated apoptosis in melanoma cells, synergizes with ACT
	(121)


	Fraxinellone-loaded nanoemulsions (Frax NE)
	Disrupts TAF activity and collagen deposition, reduces CXCL12/CXCR4 signaling
	Enhances CD8+ T cell trafficking, synergizes with peptide vaccines to amplify tumor-specific immunity
	(122)


	Nanoscale artificial antigen-presenting cell (nano-aAPC) platform
	Co-displays MHC class I/peptide complexes and anti-CD28 antibodies to stimulate T cell proliferation
	Expands tumor-specific CD8+ T cells, generates high-affinity CTLs capable of lysing PD-L1+ melanoma cells
	(123)


	TME-responsive nanocarrier (MIT + CEL)
	Co-delivers mitoxantrone (MIT) and celastrol (CEL) to induce dual ICD mechanisms
	Induces DNA damage, calreticulin exposure, promotes DC activation and TIL recruitment, synergizes with ACT
	(124)


	Prussian blue nanoparticles (PBNPs)
	Combined with near-infrared irradiation for PTT and ICD induction, paired with anti-CD137 antibodies
	Upregulates co-stimulatory markers on DCs, amplifies CD8+ T cell functions, establishes immunological memory
	(125)


	Polymeric micelles loaded with sunitinib (SUNb-PM)
	Blocks STAT3 phosphorylation in TAMs, delivers Trp2 peptide vaccine via LCP nanoparticles
	Reverses VEGF-driven immunosuppression, increases CD8+ T cells, suppresses metastatic progression in melanoma
	(126)









5.1.1 Reprogramming immunosuppressive TMEs



5.1.1.1 Targeting TAMs

Dual-targeting M2-TAM-specific NPs (M2NPs) were designed to silence immunosuppressive signals via siRNA delivery. By conjugating α-M2pep peptides and SR-B1 ligands, M2NPs selectively depleted M2-TAMs, reducing IL-10 and TGF-β secretion while enhancing CD8+ T cell infiltration. This remodeling of the TME led to 70% tumor regression in aggressive melanoma models (119, 120). Similarly, ginseng-derived extracellular vesicles (GDNPs) polarized M2-TAMs to pro-inflammatory M1 phenotypes via TLR4/MyD88 signaling, inducing ROS-mediated apoptosis in melanoma cells and synergizing with ACT (121).




5.1.1.2 Combating stromal fibrosis:

Fraxinellone-loaded nanoemulsions (Frax NE) disrupted tumor-associated fibroblast (TAF) activity and collagen deposition. By reducing CXCL12/CXCR4 axis signaling, Frax NE enhanced intratumoral CD8+ T cell trafficking and synergized with peptide vaccines to amplify tumor-specific immunity (122).





5.1.2 Enhancing T cell expansion and functionality

A nanoscale artificial antigen-presenting cell (nano-aAPC) platform was developed to rapidly expand tumor-specific CD8+ T cells. Co-displaying MHC class I/peptide complexes and anti-CD28 antibodies, nano-aAPCs stimulated robust T cell proliferation ex vivo, generating high-affinity CTLs) capable of lysing PD-L1+ melanoma cells. These nano-aAPC-primed T cells showed enhanced persistence and efficacy when combined with anti-PD-1 therapy (123).




5.1.3 Inducing ICD for antigen priming

A TME-responsive nanocarrier co-delivering mitoxantrone (MIT) and celastrol (CEL) triggered dual ICD mechanisms: MIT induced DNA damage and calreticulin exposure, while CEL inhibited heat shock proteins to amplify DAMPs release. This strategy converted immunosuppressive TMEs into immunogenic niches, promoting DC activation and TIL recruitment, which synergized with ACT to induce tumor dormancy (124).




5.1.4 Multimodal synergy with PTT

Prussian blue NPs (PBNPs) combined with near-infrared irradiation induced localized hyperthermia, eliciting ICD and upregulating co-stimulatory markers (CD80/86) on DCs. When paired with anti-CD137 antibodies, PBNP-PTT amplified CD8+ T cell effector functions and established immunological memory, achieving 90% suppression of melanoma recurrence (125).




5.1.5 Combinatorial kinase inhibition and vaccine delivery

Polymeric micelles loaded with sunitinib (SUNb-PM) reversed VEGF-driven immunosuppression by blocking STAT3 phosphorylation in TAMs. Concurrent delivery of a Trp2 peptide vaccine via mannose-modified LCP NPs enhanced antigen cross-presentation. This dual approach increased tumor-infiltrating CD8+ T cells by 3-fold and suppressed metastatic progression in late-stage melanoma (126).





5.2 Nanotechnology for ICB therapy

ICB targeting PD-1/PD-L1 has revolutionized melanoma treatment, yet its efficacy remains limited by tumor immune evasion and immunosuppressive microenvironments. Nanotechnology offers innovative strategies to enhance ICB by improving drug delivery, amplifying ICD, and reprogramming the TME. Below we synthesize cutting-edge advances in nanoplatforms designed to synergize with ICB, addressing both primary and metastatic melanoma (Table 6).


Table 6 | Nanotechnology for ICB therapy.
	Nanosystem
	Approaches
	Biological function
	Reference



	Disulfide-crosslinked polyethyleneimine and trehalose sulfate nanoparticles (siPD-L1/pd)
	Silencing of PD-L1 via RNA interference
	Reverses T cell exhaustion, suppresses tumor growth, restores antitumor immunity in immunocompromised models
	(115)


	Tetrahedral framework nucleic acid immunoadjuvants (FNAIAs)
	Co-loads CpG ODN and doxorubicin (DOX) for ICD induction
	Activates DCs via TLR9 signaling, induces immunogenic cell death, triggers systemic antitumor immunity
	(116)


	Nano-hydroxyapatite (nHA)-incorporated hydrogel
	Enhances PD-L1 expression and co-delivers PD-1 inhibitors
	Promotes CD8+ T cell infiltration, polarization, blocks PD-1/PD-L1 interactions, inhibits tumor growth, enhances immune memory
	(117)


	Hydrazine/Cu/Fe/indocyanine green (TCFI) coordination nanocomplex
	Induces ferroptosis via Fenton-like reactions, combined with anti-PD-1 therapy
	Amplifies oxidative stress, increases CD8+ T cell infiltration, enhances IFN-γ secretion, suppresses tumor and metastases
	(118)


	Redox-responsive nanocarriers (MS-275 + V-9302)
	Co-delivers histone deacetylase inhibitor and glutamine antagonist, exploits ROS for pyroptosis
	Transforms “cold” tumors to “hot” tumors, enhances DC maturation and CTL infiltration, induces durable immune memory
	(119)









5.2.1 Targeted silencing of PD-L1 via RNA interference

Polymer-based NPs have been engineered to overcome PD-L1-mediated immune resistance. A study utilizing disulfide-crosslinked polyethyleneimine and trehalose sulfate NPs (siPD-L1/pd) demonstrated dual inhibition of PD-1/PD-L1 signaling and mTOR pathways. These NPs efficiently delivered PD-L1 siRNA to melanoma cells, silencing PD-L1 expression and reversing T cell exhaustion. In both immunocompetent and immunocompromised murine models, siPD-L1/pd NPs suppressed tumor growth and prolonged survival, highlighting their potential to restore antitumor immunity even in hosts with impaired immune systems (115).




5.2.2 ICD induction through combinatorial nanotherapies

Tetrahedral framework nucleic acid immunoadjuvants (FNAIAs) represent a breakthrough in transdermal immunotherapy. Composed of CpG oligodeoxynucleotide (ODN)-loaded DNA nanostructures, FNAIAs penetrate tumor tissues to activate DCs via TLR9 signaling. When co-loaded with DOX, the resulting DFNAIA nanocomplex induces ICD, releasing tumor-associated antigens that synergize with CpG ODN to trigger systemic antitumor immunity. In melanoma models, DFNAIA combined with anti-PD-1 antibodies not only eradicated local tumors but also suppressed distant metastases, demonstrating its capacity to convert localized therapy into systemic immune activation (116).




5.2.3 Remodeling the TME with PD-L1-enhancing NPs

Paradoxically, nanotechnology can also exploit upregulated PD-L1 for therapeutic benefit. nHA was shown to transcriptionally enhance PD-L1 expression in melanoma cells via calcium-sensing receptor signaling. Leveraging this phenomenon, researchers developed an injectable nHA-incorporated hydrogel that co-delivers PD-1 inhibitors. The hydrogel acts as a sustained-release depot, promoting CD8+ T cell infiltration and polarization while blocking PD-1/PD-L1 interactions. This strategy not only inhibited primary tumor growth but also established long-term immune memory, offering a dual-target approach to enhance ICB efficacy (117).




5.2.4 Metal-based platforms for ferroptosis-ICB synergy

A hydrazine/Cu/Fe/indocyanine green (TCFI) coordination nanocomplex exemplifies nanotechnology’s capacity to integrate multiple therapeutic modalities. Under near-infrared irradiation, TCFI exhibits Fenton-like, peroxidase-, and glutathione oxidase-like activities, inducing lipid peroxidation and ferroptosis. Concurrently, it alleviates hypoxia and depletes glutathione to amplify oxidative stress. When combined with anti-PD-1 therapy, TCFI significantly increased tumor-infiltrating CD8+ T cells and IFN-γ secretion, achieving robust suppression of primary tumors, lung metastases, and recurrence. This work underscores the potential of metal-based nanoplatforms to synergize ferroptosis with ICB (118).




5.2.5 Epigenetic-metabolic reprogramming for “cold” tumor conversion

In uveal melanoma (UVM), a redox-responsive nanocarrier co-delivering histone deacetylase inhibitor MS-275 and glutamine antagonist V-9302 was developed to overcome ICB resistance. The NPs exploit UVM’s high ROS levels to trigger ROS storms and pyroptosis—a proinflammatory cell death pathway. This approach transformed immunologically “cold” UVM into “hot” tumors by enhancing DC maturation and CTL infiltration. Combined with anti-PD-1 therapy, the system induced durable immune memory and suppressed metastatic progression, providing a blueprint for overcoming ICB resistance in refractory melanomas (119).





5.3 Nanotechnology for cancer vaccines

Nanotechnology is redefining melanoma vaccine design through innovative strategies that enhance antigen delivery, amplify immune activation, and subvert tumor immunosuppression. By leveraging biomimetic engineering, viral-inspired platforms, and combinatorial therapies, nanovaccines are overcoming the limitations of conventional immunotherapy to elicit robust and durable antitumor responses (Table 7).


Table 7 | Nanotechnology for cancer vaccines.
	Nanosystem
	Approaches
	Biological function
	Reference



	Erythrocyte membrane-camouflaged nanoparticles
	PLGA core loaded with reduction-sensitive antigen peptides, cloaked in mannose-modified erythrocyte membranes
	Enhances lymphatic targeting, DC uptake, antigen cross-presentation, and CTL activation, suppresses melanoma progression
	(127)


	Golgi-PD-L1-deficient exosome hybrid membrane-coated nanoparticles (GENPs)
	Mimics natural exosome trafficking, delivers tumor antigens to lymph node DCs
	Evades PD-L1 immune checkpoints, synergizes with anti-PD-L1 therapy, reduces tumor recurrence and metastasis
	(128)


	Cowpea mosaic virus (CPMV) nanoparticles
	Selectively targets metastatic niches in the lung, recruits neutrophils and NK cells
	Establishes premetastatic immunity, prevents metastatic growth, eradicates established lesions
	(129)


	Inactivated CPMV (inCPMV) platform
	Engages TLR2/4 signaling, synergizes with OX40 agonistic antibodies
	Reprograms immunosuppressive microenvironments, amplifies CD8+ T cell infiltration, induces systemic antitumor immunity
	(130)


	Co-assembled 2′-fluorinated CpG and Obsl1 neoantigen
	Co-assembles CpG and melanoma neoantigen for precise antigen delivery
	Achieves high antigen loading, targets DCs in lymph nodes, induces neoantigen-specific CTLs and long-term immunity
	(131)


	Poly(β-amino ester) (PBAE) nanovaccines
	Co-encapsulates Trp-2 antigen and TLR4 agonist MPLA, combined with PD-L1 blockade antibodies
	Primed DCs, counteracted T cell exhaustion, converted cold melanomas to hot lesions, achieved tumor regression
	(132, 133)


	Sunitinib-loaded nanoparticles (SUN-NPs)
	Normalizes vasculature and depletes MDSCs, primes the TME for vaccination
	Enhances CTL infiltration, synergizes with Trp-2/GalCer nanovaccines to overcome immunosuppressive barriers
	(134)


	Lipid nanoparticle vaccine (GalCer + Melan-A/gp100)
	Co-delivers α-galactosylceramide (GalCer), melanoma antigens, and adjuvants (CpG/MPLA)
	Activates iNKT cells, amplifies DC activation and antigen-specific CTL responses, reduces tumor volume and recurrence
	(135)









5.3.1 Biomimetic nanovaccines for targeted immune activation

Erythrocyte membrane-camouflaged NPs exemplify the power of bioinspired design in vaccine delivery. These platforms utilize PLGA cores loaded with reduction-sensitive antigen peptides, cloaked in mannose-modified erythrocyte membranes to enhance lymphatic targeting and DC uptake. Preclinical studies demonstrated superior antigen cross-presentation and CTL activation compared to non-coated systems, achieving 60% suppression of metastatic melanoma progression (127). Building on this concept, Golgi-PD-L1-deficient exosome hybrid membrane-coated NPs (GENPs) mimic natural exosome trafficking to deliver tumor antigens directly to lymph node DCs. By evading PD-L1-mediated immune checkpoints, GENPs synergized with anti-PD-L1 therapy to reduce tumor recurrence and distant metastasis, highlighting their dual role as antigen carriers and immune checkpoint modulators (128).




5.3.2 Viral vector platforms harnessing innate immunity

The cowpea mosaic virus (CPMV) has emerged as a potent immunostimulant due to its intrinsic ability to activate pathogen recognition receptors. CPMV NPs selectively target S100A9-expressing metastatic niches in the lung, recruiting neutrophils and natural killer cells to establish premetastatic immunity. This approach not only prevented metastatic outgrowth but also eradicated established lesions, showcasing its potential as a prophylactic and therapeutic vaccine (129). A modified inactivated CPMV (inCPMV) platform further advanced safety without compromising efficacy. By engaging TLR2/4 signaling, inCPMV reprogrammed immunosuppressive microenvironments and synergized with OX40 agonistic antibodies to amplify CD8+ T cell infiltration, inducing systemic antitumor immunity even in non-treated tumors (130).




5.3.3 Self-assembling systems for precision antigen delivery

A breakthrough in carrier-free vaccine design was achieved through the spontaneous co-assembly of 2′-fluorinated CpG (2′F-CpG) and the melanoma neoantigen Obsl1. This system achieved near-complete antigen loading efficiency and leveraged size-dependent lymphatic drainage to target DCs in lymph nodes. The resulting nanovaccine triggered a 10-fold increase in neoantigen-specific CTLs compared to soluble antigens, establishing long-term immune memory against tumor rechallenge. This platform underscores the potential of minimalist nanovaccines for personalized immunotherapy (131).




5.3.4 Combinatorial strategies to reprogram the TME

Poly(β-amino ester) (PBAE) nanovaccines exemplify the synergy between antigen delivery and immune checkpoint modulation. By co-encapsulating Trp-2 antigen and TLR4 agonist MPLA, PBAE NPs primed DCs while PD-L1 blockade antibodies counteracted T cell exhaustion. This dual strategy converted immunologically “cold” melanomas into “hot” lesions, achieving complete regression in 40% of treated cases (132, 133). In fibrotic melanomas, sunitinib-loaded NPs (SUN-NPs) normalized dysregulated vasculature and depleted MDSCs, effectively “priming” the TME for subsequent vaccination. When combined with Trp-2/GalCer nanovaccines, SUN-NPs increased CTL infiltration 8-fold, demonstrating how nanotechnology can sequentially dismantle immunosuppressive barriers (134).




5.3.5 Lipid-based systems engaging innate and adaptive immunity

A lipid NP vaccine co-delivering α-galactosylceramide (GalCer) with melanoma antigens (Melan-A/gp100) and adjuvants (CpG/MPLA) leveraged the unique biology of invariant natural killer T (iNKT) cells. The lipid bilayer stabilized GalCer presentation to iNKT cells, which in turn activated DCs and amplified antigen-specific CTL responses. This approach reduced tumor volume by 90% and established protective immunity against recurrence, outperforming GalCer-free formulations (135).





5.4 Nanotechnology for cytokine therapy

Cytokine therapy, particularly involving interleukin-12 (IL-12), has long been explored for its potential to activate antitumor immunity in melanoma. However, clinical translation has been hampered by systemic toxicity, short half-life, and immunosuppressive TMEs. The development of the CaCO3-polydopamine-polyethyleneimine (CPP) NP platform exemplifies how nanotechnology can overcome these limitations by enabling targeted delivery, spatiotemporal control, and multimodal synergy (136).





6 Clinical trials

Nanotechnology has rapidly advanced over the past few decades, leading to the development of numerous NP-based cancer therapies, including immunotherapies for melanoma. To date, there are over 80 novel cancer nanomedicines being evaluated in more than 200 clinical trials globally, with several FDA-approved nanomedicines, such as liposomal formulations of chemotherapeutics like Doxil® (NCT01846611, Phase 3) and Marqibo® (FDA approved), successfully navigating clinical development (137–140). However, nano-immunotherapy for melanoma is still in the early stages of exploration. Current clinical trials focus on utilizing nanotechnology to enhance ICB, stimulate immune responses, and improve drug delivery in melanoma treatment.

For example, nanobodies have emerged as promising candidates for antigen-targeting domains in chimeric antigen receptor (CAR)-T cells. Clinical trials have shown that nanobody-based CAR-T therapies exhibit comparable efficacy to traditional single-chain variable fragment (scFv)-based CAR-T cells in treating hematologic malignancies (141, 142), and similar approaches are now being adapted for melanoma treatment (143, 144). Other promising clinical trials involve the use of NPs for targeted delivery of immunotherapeutic agents, such as ICIs and cancer vaccines, in combination with other therapies like cyclophosphamide and pembrolizumab (145–148). Additionally, ongoing trials are exploring the use of NP-based vaccines, such as Maveropepimut-S, and lipid NPs encapsulating mRNA to further augment immune responses against melanoma (149). As nano-immunotherapies continue to progress in clinical trials, they hold the potential to revolutionize melanoma treatment by improving specificity, enhancing immune activation, and overcoming challenges within the TME. While nanotechnology holds significant promise for enhancing melanoma immunotherapy, translating these advances into clinical practice is impeded by manufacturing challenges, safety concerns, tumor heterogeneity, and regulatory hurdles. Addressing these barriers requires interdisciplinary efforts to optimize nanoparticle design, establish standardized protocols, ensure safety and efficacy through comprehensive preclinical and clinical studies, and develop cost-effective manufacturing solutions. The clinical translation of nanomedicines for melanoma faces multiple challenges, including scalability and manufacturing complexities (e.g., difficulties in large-scale production of biomimetic nanoparticles under GMP standards), safety and immunogenicity concerns (such as unintended immune responses and limited long-term toxicity data), and biological barriers like tumor heterogeneity and the immunosuppressive TME. Additional hurdles include maintaining in vivo stability and targeting specificity, navigating regulatory and clinical trial obstacles (due to a lack of standardized biomarkers and complex combination therapies), and high production costs that limit accessibility. Addressing these challenges is critical for advancing effective and widely applicable nanomedicine-based treatments.




7 Discussion and prospects

The integration of nanotechnology into melanoma immunotherapy has significantly advanced the field, enabling more precise treatments and overcoming traditional barriers. Key developments in lipid-based, protein-based, and metallic nanoparticles (MNPs), as well as nanovaccines and cytokine delivery systems, have shown great promise in reprogramming the immunosuppressive TME, boosting antigen-specific immunity, and enhancing the efficacy of conventional therapies. LNPs have evolved into multifunctional platforms, capable of silencing immunosuppressive signals while delivering therapeutic agents. For example, LNPs incorporating immune checkpoint modulators or STING agonists can both inhibit TGF-β and deliver chemotherapeutic agents, allowing for real-time monitoring and effective treatment. Protein-based NPs (PNPs) utilize biological specificity to neutralize tumor-derived immunosuppressive ligands, promoting immune cell infiltration and stimulating long-lasting immune responses against both localized and metastatic melanoma. MNPs further enhance therapeutic potential by combining CDT with photothermal ablation, inducing ICD and activating systemic immunity through pathways like cGAS-STING. Additionally, advancements in ACT and nanovaccines, such as artificial nano-aAPCs and neoantigen vaccines, offer highly targeted and efficient strategies for tumor-specific T cell expansion and improved vaccine delivery. These innovations signal a shift towards personalized, multimodal immunotherapies tailored to the unique characteristics of each patient’s tumor.

Despite these breakthroughs, critical challenges impede clinical translation. Scalable manufacturing remains a bottleneck, particularly for biomimetic systems requiring complex synthesis protocols, such as erythrocyte membrane-coated NPs or viral-inspired platforms. Immunogenicity and off-target effects also pose risks, as seen with protein-based NPs that may inadvertently trigger anti-carrier immune responses. Furthermore, the heterogeneity of melanoma subtypes demands adaptable platforms capable of addressing diverse mutational landscapes and TME variations. Current strategies often lack the dynamic responsiveness needed to evolve alongside tumor adaptation, limiting their long-term efficacy. Looking ahead, the field must prioritize intelligent nanoplatforms that marry precision delivery with real-time adaptability. Stimuli-responsive designs—such as pH- or enzyme-triggered release systems—could enhance spatiotemporal control over therapeutic payloads, minimizing systemic toxicity. Integrating diagnostic agents like MRI-active iron oxides or NIR dyes into NPs would advance theranostic applications, enabling clinicians to monitor treatment responses and adjust regimens dynamically. Emerging technologies such as computational protein design and AI-driven antigen prediction could further accelerate the development of personalized nanovaccines, tailoring therapies to individual neoantigen profiles. Additionally, interdisciplinary collaboration will be essential to standardize manufacturing processes and validate long-term safety in immunocompetent models, ensuring compliance with Good Manufacturing Practice (GMP) standards. Limitations includes:

	Scalability and Manufacturing Challenges: Difficulties in producing complex nanomaterials consistently and cost-effectively at a clinical scale, especially for biomimetic and multifunctional platforms.

	Safety and Toxicity Concerns: Potential immunogenicity, off-target effects, accumulation in non-target tissues, and long-term toxicity remain significant hurdles that require thorough evaluation in preclinical and clinical models.

	Heterogeneity of Melanoma and TME: Variability among patients’ tumors and TMEs can limit the broad applicability of certain nanoplatforms, necessitating personalized or adaptable approaches.

	Delivery Barriers: Biological barriers such as the mononuclear phagocyte system (MPS), rapid clearance, and the TME’s distinct features can impair nanoparticle accumulation and penetration.

	Regulatory and Translational Barriers: Lack of standardized protocols, limited clinical translation, and the need for extensive safety data pose hurdles for regulatory approval and widespread clinical adoption.



The future of melanoma immunotherapy lies in embracing nanotechnology not as a standalone solution but as a synergistic enhancer of existing modalities. Combining nanoplatforms with ICIs, epigenetic modulators, or targeted therapies could create layered treatment ecosystems capable of outmaneuvering tumor evolution. For example, NPs delivering CRISPR-Cas9 systems to edit PD-1 in T cells in vivo might overcome resistance to anti-PD-1 antibodies, while MOFs loaded with ferroptosis inducers could amplify the effects of radiotherapy. Clinically, biomarker-driven trials using liquid biopsies or exosome profiling could identify patient subgroups most likely to benefit from specific nanotherapies, optimizing therapeutic outcomes.




8 Conclusion

Advantages and disadvantages for each type of nanoparticle (LNPs, polymeric NPs, protein-based NPs and MNPs) in terms of biocompatibility, biodegradability, stability and immune modulationLipid Nanoparticles (LNPs) are concluded as follow:



8.1 Lipid nanoparticles

Advantages: Biocompatibility: High, as lipid compositions often mimic biological membranes, resulting in minimal toxicity. Biodegradability: Good, since lipids can be naturally metabolized. Stability: Generally stable during storage, especially when formulated with protective lipids; capable of encapsulating hydrophilic and hydrophobic agents. Immune Modulation: Can incorporate adjuvants or targeting moieties to modulate immune responses effectively.

Disadvantages: Biocompatibility: Potential for activation of complement pathways, leading to infusion-related reactions if not properly optimized. Biodegradability: Lipid oxidation or hydrolysis can compromise stability over time. Stability: Prone to leakage of encapsulated agents and physical instability under certain conditions. Immune Modulation: May induce non-specific immune activation, leading to systemic side effects.




8.2 Polymeric nanoparticles

Advantages: Biocompatibility: Many polymers (e.g., PLGA, PCL) are biocompatible and approved for clinical use. Biodegradability: Designed to degrade into non-toxic monomers within biological environments. Stability: Excellent mechanical and chemical stability, allowing for controlled release profiles. Immune Modulation: Can be functionalized to target specific immune cells or deliver immunostimulatory agents selectively.

Disadvantages: Biocompatibility: Potential for residual monomers or degradation products to cause toxicity if not thoroughly processed. Biodegradability: Degradation rate varies with polymer composition and environment, which may impact timing of drug release. Stability: Susceptible to hydrolysis and premature degradation if not properly formulated. Immune Modulation: Risk of unintended immune activation or clearance by the mononuclear phagocyte system, reducing efficacy.




8.3 Protein-based nanoparticles

Advantages: Biocompatibility: High, as they are composed of naturally occurring proteins. Biodegradability: Readily degraded by proteases in vivo, minimizing long-term accumulation. Stability: Can be stabilized through cross-linking or surface modifications, though generally sensitive to environmental conditions. Immune Modulation: Intrinsic ability to engage immune receptors; can be designed as vaccines or immune stimulants.

Disadvantages: Biocompatibility: Potential for immunogenicity and unintended immune responses against the protein carrier. Biodegradability: Rapid enzymatic degradation may limit circulation time unless stabilized. Stability: Prone to denaturation or aggregation under certain storage or physiological conditions. Immune Modulation: May induce unwanted immune responses, including antibody formation against the carrier proteins.




8.4 Metallic nanoparticles

Advantages: Biocompatibility: Varies; gold nanoparticles are often well tolerated, but others (e.g., silver, copper) may pose toxicity concerns. Biodegradability: Generally inert and non-degradable; long-term accumulation may occur. Stability: Highly stable and resistant to chemical degradation, suitable for imaging and therapeutic functions. Immune Modulation: Can act as immune adjuvants or facilitate photothermal and radiotherapy synergistically.

Disadvantages: Biocompatibility: Potential toxicity if particles are not properly coated or purified, leading to oxidative stress or tissue accumulation. Biodegradability: Limited; long-term retention can cause adverse effects. Stability: Susceptible to aggregation and oxidation, which can affect safety and efficacy. Immune Modulation: May induce unintended immune responses or inflammation, especially if surface properties are not optimized.

Nanotechnology is redefining the rules of engagement in melanoma treatment, transforming once-insurmountable challenges into opportunities for innovation. By bridging gaps between targeted delivery, immune activation, and diagnostic precision, nanoplatforms are poised to shift the therapeutic paradigm from reactive tumor suppression to proactive immune control. Realizing this vision will require relentless focus on translational science—scaling production, validating safety, and fostering partnerships across academia, industry, and regulatory bodies. As these efforts converge, the day when melanoma becomes a manageable chronic condition draws nearer, marking a triumph of interdisciplinary science over one of oncology’s most formidable adversaries.






Author contributions

ZS: Writing – original draft, Writing – review & editing. FL: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article.




Acknowledgments

We thank the generous support by Liaoning Cancer Hospital & Institute (Shenyang) and Dalian University of Technology(Dalian).





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

	 Tasdogan A, Sullivan RJ, Katalinic A, Lebbe C, Whitaker D, Puig S, et al. Cutaneous melanoma, Nature reviews. Dis Primers. (2025) 11:23. doi: 10.1038/s41572-025-00603-8, PMID: 40180935


	 Hanrahan GB, Giobbie-Hurder A, Allais B, Vogelzang J, Fay C, Tsibris HC. Melanoma tumor mutational burden and indoor tanning exposure. JAMA Dermatol. (2025) 161:198–202. doi: 10.1001/jamadermatol.2024.4819, PMID: 39661348


	 Castejón-Griñán M, Cerdido S, Sánchez-Beltrán J, Lambertos A, Abrisqueta M, Herraiz C, et al. Melanoma-associated melanocortin 1 receptor variants confer redox signaling-dependent protection against oxidative DNA damage. Redox Biol. (2024) 72:103135. doi: 10.1016/j.redox.2024.103135, PMID: 38565069


	 Huang RY, Youssef G, Nelson T, Wen PY, Forsyth P, Hodi FS, et al. Comparative analysis of intracranial response assessment criteria in patients with melanoma brain metastases treated with combination Nivolumab + Ipilimumab in checkMate 204. J Clin Oncol. (2025) 43:1210–8. doi: 10.1200/JCO.24.00953, PMID: 39752606


	 Nease LA, Church KP, Delclaux I, Murakami S, Astorkia M, Zerhouni M, et al. Selenocysteine tRNA methylation promotes oxidative stress resistance in melanoma metastasis. Nat Cancer. (2024) 5:1868–84. doi: 10.1038/s43018-024-00844-8, PMID: 39438623


	 Delcoigne B, Lysell J, Askling J. Incidence, stage and outcome of melanoma, keratinocyte and other cancers in individuals with vitiligo or alopecia: intraindividual or familial risks? Br J Dermatol. (2025). doi: 10.1093/bjd/ljaf074, PMID: 39999038


	 Smith MJ, Peach H, Keohane S, Lear J, Jamieson LA, Mohamed HS. Melanoma: Assessment and Management summary of 2022 update of the NICE guidelines. Br J Dermatol. (2025). doi: 10.1093/bjd/ljaf016, PMID: 39836183


	 Molgora M, Colonna M. Targeting brain macrophages: NF-κB as a therapeutic gateway in melanoma brain metastasis. Cancer Cell. (2025) 43:328–9. doi: 10.1016/j.ccell.2025.02.020, PMID: 40068588


	 Lim SY, Boyd SC, Diefenbach RJ, Rizos H. Circulating MicroRNAs: functional biomarkers for melanoma prognosis and treatment. Mol Cancer. (2025) 24:99. doi: 10.1186/s12943-025-02298-7, PMID: 40156012


	 Wawrzyniak P, Hartman ML. Dual role of interferon-gamma in the response of melanoma patients to immunotherapy with immune checkpoint inhibitors. Mol Cancer. (2025) 24:89. doi: 10.1186/s12943-025-02294-x, PMID: 40108693


	 Schiantarelli J, Benamar M, Park J, Sax HE, Oliveira G, Bosma-Moody A, et al. Genomic mediators of acquired resistance to immunotherapy in metastatic melanoma. Cancer Cell. (2025) 43:308–16.e306. doi: 10.1016/j.ccell.2025.01.009, PMID: 39933900


	 Patel SP, Sheth RA, Davis C, Medina T. Combination immunotherapy with nivolumab plus ipilimumab in melanoma of unknown primary. J Clin Oncol. (2025) 43:907–11. doi: 10.1200/JCO-24-01802, PMID: 39913893


	 Liang L, Kuang X, He Y, Zhu L, Lau P, Li X, et al. Alterations in PD-L1 succinylation shape anti-tumor immune responses in melanoma. Nat Genet. (2025) 57:680–93. doi: 10.1038/s41588-025-02077-6, PMID: 40069506


	 Lin Y, Hou J, Li B, Shu W, Wan J. Advancements in nanomaterials and molecular probes for spatial omics. ACS nano. (2025) 19:11604–24. doi: 10.1021/acsnano.4c18470, PMID: 40125910


	 Balwe SG, Moon D, Hong M, Song JM. Manganese oxide nanomaterials: bridging synthesis and therapeutic innovations for cancer treatment. Nano Converg. (2024) 11:48. doi: 10.1186/s40580-024-00456-z, PMID: 39604693


	 Wu B, Yao C, Wang H, Dai H, Tian B, Li D, et al. Ellagic acid-protein nano-complex inhibits tumor growth by reducing the intratumor bacteria and inhibiting histamine production. Biomaterials. (2025) 317:123078. doi: 10.1016/j.biomaterials.2024.123078, PMID: 39753083


	 Chen L, Ming H, Li B, Yang C, Liu S, Gao Y, et al. Tumor-specific nano-herb delivery system with high L-arginine loading for synergistic chemo and gas therapy against cervical cancer. Small (Weinheim an der Bergstrasse Germany). (2024):e2403869. doi: 10.1002/smll.202403869, PMID: 39101346


	 Wang M, Yu F, Zhang Y. Present and future of cancer nano-immunotherapy: opportunities, obstacles and challenges. Mol Cancer. (2025) 24:26. doi: 10.1186/s12943-024-02214-5, PMID: 39827147


	 Liu Q, Chen G, Liu X, Tao L, Fan Y, Xia T. Tolerogenic nano-/microparticle vaccines for immunotherapy. ACS Nano. (2024). doi: 10.1021/acsnano.3c11647, PMID: 38323542


	 Chen Z, Guo Z, Hu T, Huang B, Zheng Q, Du X, et al. Double-layered microneedle patch loaded with bioinspired nano-vaccine for melanoma treatment and wound healing. Int J Biol Macromol. (2024) 262:129961. doi: 10.1016/j.ijbiomac.2024.129961, PMID: 38311138


	 Lin Q, Zhang Y, Zeng Y, Zha Y, Xue W, Yu S. Hybrid membrane based biomimetic nanodrug with high-efficient melanoma-homing and NIR-II laser-amplified peroxynitrite boost properties for enhancing antitumor therapy via effective immunoactivation. Biomaterials. (2025) 317:123045. doi: 10.1016/j.biomaterials.2024.123045, PMID: 39742839


	 Zhang W, Yuan S, Zhang Z, Fu S, Liu S, Liu J, et al. Regulating tumor cells to awaken T cell antitumor function and enhance melanoma immunotherapy. Biomaterials. (2025) 316:123034. doi: 10.1016/j.biomaterials.2024.123034, PMID: 39709849


	 Zhu W, Zhou Z, Yang M, Chen X, Zhu S, Yu M, et al. Injectable nanocomposite immune hydrogel dressings: prevention of tumor recurrence and anti-infection after melanoma resection. Small (Weinheim an der Bergstrasse Germany). (2024) 20:e2309476. doi: 10.1002/smll.202309476, PMID: 38348999


	 Linderman SW, DeRidder L, Sanjurjo L, Foote MB, Alonso MJ, Kirtane AR, et al. Enhancing immunotherapy with tumour-responsive nanomaterials, Nature reviews. Clin Oncol. (2025) 22:262–82. doi: 10.1038/s41571-025-01000-6, PMID: 40050505


	 Li Z, Xi Z, Fan C, Xi X, Zhou Y, Zhao M, et al. Nanomaterials evoke pyroptosis boosting cancer immunotherapy. Acta Pharm Sinica. B. (2025) 15:852–75. doi: 10.1016/j.apsb.2024.11.011, PMID: 40177577


	 Peng S, Hou X, Liu J, Huang F. Advances in polymer nanomaterials targeting cGAS-STING pathway for enhanced cancer immunotherapy. J Controlled release. (2025) 381:113560. doi: 10.1016/j.jconrel.2025.02.056, PMID: 40023225


	 Desaunay M, Poulikakos PI. Overcoming melanoma therapy resistance with RAF-MEK and FAK inhibition. Cancer Cell. (2025) 43:330–2. doi: 10.1016/j.ccell.2025.02.012, PMID: 40068589


	 Lubrano S, Cervantes-Villagrana RD, Faraji F, Ramirez S, Sato K, Adame-Garcia SR, et al. FAK inhibition combined with the RAF-MEK clamp avutometinib overcomes resistance to targeted and immune therapies in BRAF V600E melanoma. Cancer Cell. (2025) 43:428–45.e426. doi: 10.1016/j.ccell.2025.02.001, PMID: 40020669


	 Lipchick B, Guterres AN, Chen HY, Zundell DM, Del Aguila S, Reyes-Uribe PI, et al. Selective abrogation of S6K2 identifies lipid homeostasis as a survival vulnerability in MAPK inhibitor-resistant NRAS-mutant melanoma. Sci Trans Med. (2025) 17:eadp8913. doi: 10.1126/scitranslmed.adp8913, PMID: 39908352


	 Ran R, Li L, Cheng P, Li H, He H, Chen Y, et al. High frequency of melanoma in cdkn2b(-/-)/tp53(-/-) Xenopus tropicalis. Theranostics. (2024) 14:7470–87. doi: 10.7150/thno.97475, PMID: 39659584


	 Li Y, Liu H, Li J, Fu C, Jiang B, Chen B, et al. MLLT3 regulates melanoma stemness and progression by inhibiting HMGB1 nuclear entry and MAGEA1 M(5)C modification. Advanced Sci (Weinheim Baden-Wurttemberg Germany). (2025) 12:e2408529. doi: 10.1002/advs.202408529, PMID: 39716999


	 Zheng DX, Bozym DJ, Tarantino G, Sullivan RJ, Liu D, Jenkins RW. Overcoming resistance mechanisms to melanoma immunotherapy. Am J Clin Dermatol. (2025) 26:77–96. doi: 10.1007/s40257-024-00907-7, PMID: 39636504


	 Rafiq Z, Kang M, Barsoumian HB, Manzar GS, Hu Y, Leuschner C, et al. Enhancing immunotherapy efficacy with synergistic low-dose radiation in metastatic melanoma: current insights and prospects. J Exp Clin Cancer research: CR. (2025) 44:31. doi: 10.1186/s13046-025-03281-2, PMID: 39881333


	 Martin-Liberal J, Márquez-Rodas I, Cerezuela-Fuentes P, Soria A, Garicano F, Medina J, et al. Challenges and perspectives in the management of BRAF-mutated metastatic melanoma: Systemic treatment sequencing and brain metastases. Cancer Treat Rev. (2025) 133:102886. doi: 10.1016/j.ctrv.2025.102886, PMID: 39879863


	 O’Brien MT, Iwamoto S, Haq R, Johnson DB. Re-re-treatment?” Third and fourth courses of BRAF/MEK inhibition in advanced melanoma. Eur J Cancer (Oxford England: 1990). (2025), 115378. doi: 10.1016/j.ejca.2025.115378, PMID: 40157811


	 Kim J, Brunetti B, Kumar A, Mangla A, Honda K, Yoshida A. Inhibition of glutaminase elicits senolysis in therapy-induced senescent melanoma cells. Cell Death Dis. (2024) 15:902. doi: 10.1038/s41419-024-07284-3, PMID: 39695080


	 Alhusaini S, Naya L, Reddy SA, Patel CB. MEK pathway inhibitor-mediated response in BRAF V600-mutant melanoma with brain parenchymal and leptomeningeal metastases. Ann Neurol. (2024) 96:1227–9. doi: 10.1002/ana.27062, PMID: 39324488


	 Wen Y, Wang H, Yang X, Zhu Y, Li M, Ma X, et al. Pharmacological targeting of casein kinase 1δ suppresses oncogenic NRAS-driven melanoma. Nat Commun. (2024) 15:10088. doi: 10.1038/s41467-024-54140-1, PMID: 39572526


	 Wei X, Zou Z, Zhang W, Fang M, Zhang X, Luo Z, et al. A phase II study of efficacy and safety of the MEK inhibitor tunlametinib in patients with advanced NRAS-mutant melanoma. Eur J Cancer. (2024) 202:114008. doi: 10.1016/j.ejca.2024.114008, PMID: 38479118


	 Marasco M, Kumar D, Seale T, Borrego SG, Kaplun E, Aricescu I, et al. Concurrent SOS1 and MEK suppression inhibits signaling and growth of NF1-null melanoma, Cell reports. Medicine. (2024) 5:101818. doi: 10.1016/j.xcrm.2024.101818, PMID: 39488215


	 Berry D, Moldoveanu D, Rajkumar S, Lajoie M, Lin T, Tchelougou D, et al. The NF1 tumor suppressor regulates PD-L1 and immune evasion in melanoma. Cell Rep. (2025) 44:115365. doi: 10.1016/j.celrep.2025.115365, PMID: 40023845


	 Zhan Y, Guo J, Yang W, Goncalves C, Rzymski T, Dreas A, et al. MNK1/2 inhibition limits oncogenicity and metastasis of KIT-mutant melanoma. J Clin Invest. (2024) 134. doi: 10.1172/JCI181338, PMID: 38618965


	 Zhou Z, Farhan M, Xing X, Zhou W, Lin R, Zeng S, et al. Artemisinin Suppressed Melanoma Recurrence and Metastasis after Radical Surgery through the KIT/PI3K/AKT Pathway. Int J Biol Sci. (2025) 21:75–94. doi: 10.7150/ijbs.97341, PMID: 39744440


	 Haugh A, Daud AI. Therapeutic strategies in BRAF V600 wild-type cutaneous melanoma. Am J Clin Dermatol. (2024) 25:407–19. doi: 10.1007/s40257-023-00841-0, PMID: 38329690


	 Long GV, Carlino MS, Au-Yeung G, Spillane AJ, Shannon KF, Gyorki DE, et al. Neoadjuvant pembrolizumab, dabrafenib and trametinib in BRAF(V600)-mutant resectable melanoma: the randomized phase 2 NeoTrio trial. Nat Med. (2024) 30:2540–8. doi: 10.1038/s41591-024-03077-5, PMID: 38907159


	 Dudnichenko O, Penkov K, McKean M, Mandalà M, Kukushkina M, Panella T, et al. First-line encorafenib plus binimetinib and pembrolizumab for advanced BRAF V600-mutant melanoma: Safety lead-in results from the randomized phase III STARBOARD study. Eur J Cancer (Oxford England: 1990). (2024) 213:115070. doi: 10.1016/j.ejca.2024.115070, PMID: 39427441


	 Long GV, Hauschild A, Santinami M, Kirkwood JM, Atkinson V, Mandala M, et al. Final results for adjuvant dabrafenib plus trametinib in stage III melanoma. New Engl J Med. (2024) 391:1709–20. doi: 10.1056/NEJMoa2404139, PMID: 38899716


	 Misiąg P, Molik K, Kisielewska M, Typek P, Skowron I, Karwowska A, et al. Amelanotic melanoma-biochemical and molecular induction pathways. Int J Mol Sci. (2024) 25. doi: 10.3390/ijms252111502, PMID: 39519055


	 Malekan M, Haass NK, Rokni GR, Gholizadeh N, Ebrahimzadeh MA, Kazeminejad A. VEGF/VEGFR axis and its signaling in melanoma: Current knowledge toward therapeutic targeting agents and future perspectives. Life Sci. (2024) 345:122563. doi: 10.1016/j.lfs.2024.122563, PMID: 38508233


	 Ceci C, Ruffini F, Falconi M, Atzori MG, Falzon A, Lozzi F, et al. Pharmacological inhibition of PDGF-C/neuropilin-1 interaction: A novel strategy to reduce melanoma metastatic potential. Biomedicine pharmacotherapy = Biomedecine pharmacotherapie. (2024) 176:116766. doi: 10.1016/j.biopha.2024.116766, PMID: 38788599


	 Giammona A, De Vellis C, Crivaro E, Maresca L, Amoriello R, Ricci F, et al. Tumor-derived GLI1 promotes remodeling of the immune tumor microenvironment in melanoma. J Exp Clin Cancer research: CR. (2024) 43:214. doi: 10.1186/s13046-024-03138-0, PMID: 39090759


	 Babaei S, Fadaee M, Abbasi-Kenarsari H, Shanehbandi D, Kazemi T. Exosome-based immunotherapy as an innovative therapeutic approach in melanoma. Cell Commun Signal. (2024) 22:527. doi: 10.1186/s12964-024-01906-1, PMID: 39482766


	 Tang S, Zhang Y, Huang S, Zhu T, Huang X. Single cell RNA-sequencing in uveal melanoma: advances in heterogeneity, tumor microenvironment and immunotherapy. Front Immunol. (2024) 15:1427348. doi: 10.3389/fimmu.2024.1427348, PMID: 38966635


	 Shi H, Tian H, Zhu T, Liao Q, Liu C, Yuan P, et al. Single-cell sequencing depicts tumor architecture and empowers clinical decision in metastatic conjunctival melanoma. Cell Discov. (2024) 10:63. doi: 10.1038/s41421-024-00683-y, PMID: 38862482


	 Seo J, Ha G, Lee G, Nasiri R, Lee J. Modeling tumor-immune interactions using hybrid spheroids and microfluidic platforms for studying tumor-associated macrophage polarization in melanoma. Acta biomaterialia. (2024) 190:233–46. doi: 10.1016/j.actbio.2024.10.036, PMID: 39461691


	 Bida M, Miya TV, Hull R, Dlamini Z. Tumor-infiltrating lymphocytes in melanoma: from prognostic assessment to therapeutic applications. Front Immunol. (2024) 15:1497522. doi: 10.3389/fimmu.2024.1497522, PMID: 39712007


	 Kewitz-Hempel S, Windisch N, Hause G, Müller L, Sunderkötter C, Gerloff D. Extracellular vesicles derived from melanoma cells induce carcinoma-associated fibroblasts via miR-92b-3p mediated downregulation of PTEN. J extracellular vesicles. (2024) 13:e12509. doi: 10.1002/jev2.12509, PMID: 39315679


	 Cohen Shvefel S, Pai JA, Cao Y, Pal LR, Bartok O, Levy R, et al. Temporal genomic analysis of homogeneous tumor models reveals key regulators of immune evasion in melanoma. Cancer Discov. (2024). doi: 10.1158/2159-8290.CD-23-1422, PMID: 39715301


	 Chiffelle J, Barras D, Pétremand R, Orcurto A, Bobisse S, Arnaud M, et al. Tumor-reactive T cell clonotype dynamics underlying clinical response to TIL therapy in melanoma. Immunity. (2024) 57:2466–82.e2412. doi: 10.1016/j.immuni.2024.08.014, PMID: 39276771


	 Theunis K, Vanuytven S, Claes I, Geurts J, Rambow F, Brown D, et al. Single-cell genome and transcriptome sequencing without upfront whole-genome amplification reveals cell state plasticity of melanoma subclones. Nucleic Acids Res. (2025) 53. doi: 10.1093/nar/gkaf173, PMID: 40138718


	 Muddasani R, Wu HT, Win S, Amini A, Modi B, Salgia R, et al. The impact of medicaid expansion on stage at diagnosis of melanoma patients: A retrospective study. Cancers. (2024) 17. doi: 10.3390/cancers17010061, PMID: 39796689


	 Pozniak J, Pedri D, Landeloos E, Van Herck Y, Antoranz A, Vanwynsberghe L, et al. A TCF4-dependent gene regulatory network confers resistance to immunotherapy in melanoma. Cell. (2024) 187:166–83.e125. doi: 10.1016/j.cell.2023.11.037, PMID: 38181739


	 Kim GH, Fang XQ, Lim WJ, Park J, Kang TB, Kim JH, et al. Cinobufagin suppresses melanoma cell growth by inhibiting LEF1. Int J Mol Sci. (2020) 21. doi: 10.3390/ijms21186706, PMID: 32933177


	 Hu R, Hou H, Li Y, Zhang M, Li X, Chen Y, et al. Combined BET and MEK Inhibition synergistically suppresses melanoma by targeting YAP1. Theranostics. (2024) 14:593–607. doi: 10.7150/thno.85437, PMID: 38169595


	 Hoch T, Schulz D, Eling N, Gomez JM, Levesque MP, Bodenmiller B. Multiplexed imaging mass cytometry of the chemokine milieus in melanoma characterizes features of the response to immunotherapy. Sci Immunol. (2022) 7:eabk1692. doi: 10.1126/sciimmunol.abk1692, PMID: 35363540


	 Torphy RJ, Sun Y, Lin R, Caffrey-Carr A, Fujiwara Y, Ho F, et al. GPR182 limits antitumor immunity via chemokine scavenging in mouse melanoma models. Nat Commun. (2022) 13:97. doi: 10.1038/s41467-021-27658-x, PMID: 35013216


	 Carlino MS, Larkin J, Long GV. Immune checkpoint inhibitors in melanoma. Lancet. (2021) 398:1002–14. doi: 10.1016/S0140-6736(21)01206-X, PMID: 34509219


	 Huang F, Goncalves C, Bartish M, Remy-Sarrazin J, Issa ME, Cordeiro B, et al. Inhibiting the MNK1/2-eIF4E axis impairs melanoma phenotype switching and potentiates antitumor immune responses. J Clin Invest. (2021) 131. doi: 10.1172/JCI140752, PMID: 33690225


	 Wang S, Yang H, Zheng J, Tong A, Mu S, Wang D, et al. Recent advances and prospects of nanoparticle-based drug delivery for diabetic ocular complications. Theranostics. (2025) 15:3551–70. doi: 10.7150/thno.108691, PMID: 40093887


	 Liu W, Liu L, Li H, Xie Y, Bai J, Guan J, et al. Targeted pathophysiological treatment of ischemic stroke using nanoparticle-based drug delivery system. J nanobiotechnology. (2024) 22:499. doi: 10.1186/s12951-024-02772-2, PMID: 39164747


	 Xiong Y, Sun M, Yang Q, Zhang W, Song A, Tan Y, et al. Nanoparticle-based drug delivery systems to modulate tumor immune response for glioblastoma treatment. Acta biomaterialia. (2025) 194:38–57. doi: 10.1016/j.actbio.2025.01.050, PMID: 39884522


	 Ji P, Xu Q, Li J, Wang Z, Mao W, Yan P. Advances in nanoparticle-based therapeutics for ischemic stroke: Enhancing drug delivery and efficacy. Biomedicine pharmacotherapy = Biomedecine pharmacotherapie. (2024) 180:117564. doi: 10.1016/j.biopha.2024.117564, PMID: 39405899


	 Najafiyan B, Bokaii Hosseini Z, Esmaelian S, Firuzpour F, Rahimipour Anaraki S, Kalantari L, et al. Unveiling the potential effects of resveratrol in lung cancer treatment: Mechanisms and nanoparticle-based drug delivery strategies. Biomedicine pharmacotherapy = Biomedecine pharmacotherapie. (2024) 172:116207. doi: 10.1016/j.biopha.2024.116207, PMID: 38295754


	 Wilar G, Suhandi C, Wathoni N, Fukunaga K, Kawahata I. Nanoparticle-based drug delivery systems enhance treatment of cognitive defects. Int J nanomedicine. (2024) 19:11357–78. doi: 10.2147/IJN.S484838, PMID: 39524925


	 Lv Y, Li W, Liao W, Jiang H, Liu Y, Cao J, et al. Nano-drug delivery systems based on natural products. Int J Nanomedicine. (2024) 19:541–69. doi: 10.2147/IJN.S443692, PMID: 38260243


	 Ai Z, Liu B, Chen J, Zeng X, Wang K, Tao C, et al. Advances in nano drug delivery systems for enhanced efficacy of emodin in cancer therapy. Int J pharmaceutics: X. (2025) 9:100314. doi: 10.1016/j.ijpx.2024.100314, PMID: 39834843


	 Cevaal PM, Ali A, Czuba-Wojnilowicz E, Symons J, Lewin SR, Cortez-Jugo C, et al. In vivo T cell-targeting nanoparticle drug delivery systems: considerations for rational design. ACS nano. (2021) 15:3736–53. doi: 10.1021/acsnano.0c09514, PMID: 33600163


	 Li H, Wang Y, Tang Q, Yin D, Tang C, He E, et al. The protein corona and its effects on nanoparticle-based drug delivery systems. Acta biomaterialia. (2021) 129:57–72. doi: 10.1016/j.actbio.2021.05.019, PMID: 34048973


	 Chatterjee M, Jaiswal N, Hens A, Mahata N, Chanda N. Development of 6-Thioguanine conjugated PLGA nanoparticles through thioester bond formation: Benefits of electrospray mediated drug encapsulation and sustained release in cancer therapeutic applications. Materials Sci engineering. C Materials Biol Appl. (2020) 114:111029. doi: 10.1016/j.msec.2020.111029, PMID: 32994006


	 Zeng L, Gowda BHJ, Ahmed MG, Abourehab MAS, Chen ZS, Zhang C, et al. Advancements in nanoparticle-based treatment approaches for skin cancer therapy. Mol Cancer. (2023) 22:10. doi: 10.1186/s12943-022-01708-4, PMID: 36635761


	 Escareño N, Hassan N, Kogan MJ, Juárez J, Topete A, Daneri-Navarro A. Microfluidics-assisted conjugation of chitosan-coated polymeric nanoparticles with antibodies: Significance in drug release, uptake, and cytotoxicity in breast cancer cells. J colloid Interface Sci. (2021) 591:440–50. doi: 10.1016/j.jcis.2021.02.031, PMID: 33631531


	 Chen J, Pan J, Liu S, Zhang Y, Sha S, Guo H, et al. Fruit-derived extracellular-vesicle-engineered structural droplet drugs for enhanced glioblastoma chemotherapy. Advanced materials (Deerfield Beach Fla.). (2023) 35:e2304187. doi: 10.1002/adma.202304187, PMID: 37589312


	 Komarova T, Ilina I, Taliansky M, Ershova N. Nanoplatforms for the delivery of nucleic acids into plant cells. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms242316665, PMID: 38068987


	 Elizarova TN, Antopolsky ML, Novichikhin DO, Skirda AM, Orlov AV, Bragina VA, et al. A straightforward method for the development of positively charged gold nanoparticle-based vectors for effective siRNA delivery. Molecules (Basel Switzerland). (2023) 28. doi: 10.3390/molecules28083318, PMID: 37110552


	 Wang L, Li Y, Ren M, Wang X, Li L, Liu F, et al. pH and lipase-responsive nanocarrier-mediated dual drug delivery system to treat periodontitis in diabetic rats. Bioactive materials. (2022) 18:254–66. doi: 10.1016/j.bioactmat.2022.02.008, PMID: 35387157


	 Zhang C, Shi Y, Zhu Z, Yang T, Wang Y, Hu S, et al. Electrostatically stabilized light-activated membrane delivery system: overcoming membrane flexibility and self-repair to enhance tumor therapy. ACS nano. (2025) 19:12119–37. doi: 10.1021/acsnano.4c18518, PMID: 40106788


	 Simonsen JB. Lipid nanoparticle-based strategies for extrahepatic delivery of nucleic acid therapies - challenges and opportunities. J Controlled release. (2024) 370:763–72. doi: 10.1016/j.jconrel.2024.04.022, PMID: 38621638


	 Rampado R, Peer D. Design of experiments in the optimization of nanoparticle-based drug delivery systems. J Controlled release. (2023) 358:398–419. doi: 10.1016/j.jconrel.2023.05.001, PMID: 37164240


	 Guan Y, Zhang W, Mao Y, Li S. Nanoparticles and bone microenvironment: a comprehensive review for Malignant bone tumor diagnosis and treatment. Mol Cancer. (2024) 23:246. doi: 10.1186/s12943-024-02161-1, PMID: 39487487


	 Kara G, Calin GA, Ozpolat B. RNAi-based therapeutics and tumor targeted delivery in cancer. Advanced Drug delivery Rev. (2022) 182:114113. doi: 10.1016/j.addr.2022.114113, PMID: 35063535


	 Krishnan N, Fang RH, Zhang L. Engineering of stimuli-responsive self-assembled biomimetic nanoparticles. Adv Drug Delivery Rev. (2021) 179:114006. doi: 10.1016/j.addr.2021.114006, PMID: 34655662


	 Roghani AK, Garcia RI, Roghani A, Reddy A, Khemka S, Reddy RP, et al. Treating Alzheimer’s disease using nanoparticle-mediated drug delivery strategies/systems. Ageing Res Rev. (2024) 97:102291. doi: 10.1016/j.arr.2024.102291, PMID: 38614367


	 Xu Z, Wang Y, Zhang L, Huang L. Nanoparticle-delivered transforming growth factor-β siRNA enhances vaccination against advanced melanoma by modifying tumor microenvironment. ACS nano. (2014) 8:3636–45. doi: 10.1021/nn500216y, PMID: 24580381


	 Zhuang X, Wu T, Zhao Y, Hu X, Bao Y, Guo Y, et al. Lipid-enveloped zinc phosphate hybrid nanoparticles for codelivery of H-2K(b) and H-2D(b)-restricted antigenic peptides and monophosphoryl lipid A to induce antitumor immunity against melanoma. J Controlled release. (2016) 228:26–37. doi: 10.1016/j.jconrel.2016.02.035, PMID: 26921522


	 Salotto KE, Olson WC Jr., Pollack KE, Illendula A, Michel E, Henriques S, et al. A nano-enhanced vaccine for metastatic melanoma immunotherapy. Cancer Drug resistance (Alhambra Calif.). (2022) 5:829–45. doi: 10.20517/cdr.2021.132, PMID: 36176766


	 Negrea G, Rauca VF, Meszaros MS, Patras L, Luput L, Licarete E, et al. Active tumor-targeting nano-formulations containing simvastatin and doxorubicin inhibit melanoma growth and angiogenesis. Front Pharmacol. (2022) 13:870347. doi: 10.3389/fphar.2022.870347, PMID: 35450036


	 Chen CH, Weng TH, Chuang CH, Huang KY, Huang SC, Chen PR, et al. Transdermal nanolipoplex simultaneously inhibits subcutaneous melanoma growth and suppresses systemically metastatic melanoma by activating host immunity. Nanomedicine: nanotechnology biology Med. (2023) 47:102628. doi: 10.1016/j.nano.2022.102628, PMID: 36400317


	 Li Q, Cui Y, Xia Z, Gao W, Xiao J, Zhao Z, et al. Biodegradable nano-immune agonist for enhanced immunotherapy of melanoma via the synergistic action of cuproptosis and cGAS-STING enhanced immune response. J colloid Interface Sci. (2025) 690:137326. doi: 10.1016/j.jcis.2025.137326, PMID: 40120375


	 Nkanga CI, Ortega-Rivera OA, Steinmetz NF. Photothermal immunotherapy of melanoma using TLR-7 agonist laden tobacco mosaic virus with polydopamine coat. Nanomedicine: nanotechnology biology Med. (2022) 44:102573. doi: 10.1016/j.nano.2022.102573, PMID: 35728739


	 Chen Z, Deng J, Cao J, Wu H, Feng G, Zhang R, et al. Nano-hydroxyapatite-evoked immune response synchronized with controllable immune adjuvant release for strengthening melanoma-specific growth inhibition. Acta biomaterialia. (2022) 145:159–71. doi: 10.1016/j.actbio.2022.04.002, PMID: 35398268


	 Zhang Z, Liu J, Xiao M, Zhang Q, Liu Z, Liu M, et al. Peptide nanotube loaded with a STING agonist, c-di-GMP, enhance cancer immunotherapy against melanoma. Nano Res. (2023) 16:5206–15. doi: 10.1007/s12274-022-5102-z, PMID: 36405984


	 Zhang MJ, Liang MY, Yang SC, Ma XB, Wan SC, Yang QC, et al. Bioengineering of BRAF and COX2 inhibitor nanogels to boost the immunotherapy of melanoma via pyroptosis. Chem Commun (Cambridge England). (2023) 59:932–5. doi: 10.1039/D2CC05498A, PMID: 36597866


	 Yang W, Pan X, Zhang P, Yang X, Guan H, Dou H, et al. Defeating melanoma through a nano-enabled revision of hypoxic and immunosuppressive tumor microenvironment. Int J Nanomedicine. (2023) 18:3711–25. doi: 10.2147/IJN.S414882, PMID: 37435153


	 Zhuang Q, Chao T, Wu Y, Wei T, Ren J, Cao Z, et al. Fluorocarbon modified chitosan to enable transdermal immunotherapy for melanoma treatment. Small. (2023) 19:e2303634. doi: 10.1002/smll.202303634, PMID: 37467294


	 Tang L, Fu C, Liu H, Yin Y, Cao Y, Feng J, et al. Chemoimmunotherapeutic nanogel for pre- and postsurgical treatment of Malignant melanoma by reprogramming tumor-associated macrophages. Nano Lett. (2024) 24:1717–28. doi: 10.1021/acs.nanolett.3c04563, PMID: 38270376


	 Liu Q, Zhu H, Tiruthani K, Shen L, Chen F, Gao K, et al. Nanoparticle-mediated trapping of wnt family member 5A in tumor microenvironments enhances immunotherapy for B-raf proto-oncogene mutant melanoma. ACS nano. (2018) 12:1250–61. doi: 10.1021/acsnano.7b07384, PMID: 29370526


	 Al Subeh ZY, Poschel DB, Redd PS, Klement JD, Merting AD, Yang D, et al. Lipid nanoparticle delivery of fas plasmid restores fas expression to suppress melanoma growth in vivo. ACS nano. (2022) 16:12695–710. doi: 10.1021/acsnano.2c04420, PMID: 35939651


	 Jalil AR, Andrechak JC, Hayes BH, Chenoweth DM, Discher DE. Human CD47-derived cyclic peptides enhance engulfment of mAb-targeted melanoma by primary macrophages. Bioconjugate Chem. (2022) 33:1973–82. doi: 10.1021/acs.bioconjchem.2c00020, PMID: 35285229


	 Zhao J, Zhang Z, Xue Y, Wang G, Cheng Y, Pan Y, et al. Anti-tumor macrophages activated by ferumoxytol combined or surface-functionalized with the TLR3 agonist poly (I: C) promote melanoma regression. Theranostics. (2018) 8:6307–21. doi: 10.7150/thno.29746, PMID: 30613299


	 Stater EP, Morcos G, Isaac E, Ogirala A, Hsu HT, Longo VA, et al. Translatable drug-loaded iron oxide nanophore sensitizes murine melanoma tumors to monoclonal antibody immunotherapy. ACS nano. (2023) 17:6178–92. doi: 10.1021/acsnano.2c05800, PMID: 36971591


	 Li Z, Chu Z, Yang J, Qian H, Xu J, Chen B, et al. Immunogenic cell death augmented by manganese zinc sulfide nanoparticles for metastatic melanoma immunotherapy. ACS nano. (2022) 16:15471–83. doi: 10.1021/acsnano.2c08013, PMID: 35981098


	 Ma Y, Lin H, Wang P, Yang H, Yu J, Tian H, et al. A miRNA-based gene therapy nanodrug synergistically enhances pro-inflammatory antitumor immunity against melanoma. Acta biomaterialia. (2023) 155:538–53. doi: 10.1016/j.actbio.2022.11.016, PMID: 36400349


	 Zheng Y, Jiang B, Guo H, Zhang Z, Chen B, Zhang Z, et al. The combinational nano-immunotherapy of ferumoxytol and poly(I:C) inhibits melanoma via boosting anti-angiogenic immunity. Nanomedicine: nanotechnology biology Med. (2023) 49:102658. doi: 10.1016/j.nano.2023.102658, PMID: 36708910


	 Wang S, Guo Q, Xu R, Lin P, Deng G, Xia X. Combination of ferroptosis and pyroptosis dual induction by triptolide nano-MOFs for immunotherapy of Melanoma. J nanobiotechnology. (2023) 21:383. doi: 10.1186/s12951-023-02146-0, PMID: 37858186


	 Kwak G, Kim D, Nam GH, Wang SY, Kim IS, Kim SH, et al. Programmed cell death protein ligand-1 silencing with polyethylenimine-dermatan sulfate complex for dual inhibition of melanoma growth. ACS nano. (2017) 11:10135–46. doi: 10.1021/acsnano.7b04717, PMID: 28985469


	 Shen F, Sun L, Wang L, Peng R, Fan C, Liu Z. Framework nucleic acid immune adjuvant for transdermal delivery based chemo-immunotherapy for Malignant melanoma treatment. Nano Lett. (2022) 22:4509–18. doi: 10.1021/acs.nanolett.2c01332, PMID: 35594186


	 Yang Y, Cui Y, Cao W, Zhao M, Lin W, Xu R, et al. Nanohydroxyapatite stimulates PD-L1 expression to boost melanoma combination immunotherapy. ACS Nano. (2022) 16:18921–35. doi: 10.1021/acsnano.2c07818, PMID: 36315589


	 Hou G, Qian J, Wang Y, Xu W, Guo M, Li Z, et al. Hydrazide/metal/indocyanine green coordinated nanoplatform for potentiating reciprocal ferroptosis and immunity against melanoma. ACS Appl Mater Interfaces. (2023) 15:37143–56. doi: 10.1021/acsami.3c05580, PMID: 37498789


	 Ren H, Wu Z, Tan J, Tao H, Zou W, Cao Z, et al. Co-delivery nano system of MS-275 and V-9302 induces pyroptosis and enhances anti-tumor immunity against uveal melanoma. Adv Sci (Weinh). (2024) 11:e2404375. doi: 10.1002/advs.202404375, PMID: 38889339


	 Qian Y, Qiao S, Dai Y, Xu G, Dai B, Lu L, et al. Molecular-targeted immunotherapeutic strategy for melanoma via dual-targeting nanoparticles delivering small interfering RNA to tumor-associated macrophages. ACS nano. (2017) 11:9536–49. doi: 10.1021/acsnano.7b05465, PMID: 28858473


	 Cao M, Yan H, Han X, Weng L, Wei Q, Sun X, et al. Ginseng-derived nanoparticles alter macrophage polarization to inhibit melanoma growth. J Immunother Cancer. (2019) 7:326. doi: 10.1186/s40425-019-0817-4, PMID: 31775862


	 Hou L, Liu Q, Shen L, Liu Y, Zhang X, Chen F, et al. Nano-delivery of fraxinellone remodels tumor microenvironment and facilitates therapeutic vaccination in desmoplastic melanoma. Theranostics. (2018) 8:3781–96. doi: 10.7150/thno.24821, PMID: 30083259


	 Ichikawa J, Yoshida T, Isser A, Laino AS, Vassallo M, Woods D, et al. Rapid expansion of highly functional antigen-specific T cells from patients with melanoma by nanoscale artificial antigen-presenting cells. Clin Cancer Res. (2020) 26:3384–96. doi: 10.1158/1078-0432.CCR-19-3487, PMID: 32241816


	 Liu Q, Chen F, Hou L, Shen L, Zhang X, Wang D, et al. Nanocarrier-mediated chemo-immunotherapy arrested cancer progression and induced tumor dormancy in desmoplastic melanoma. ACS nano. (2018) 12:7812–25. doi: 10.1021/acsnano.8b01890, PMID: 30016071


	 Balakrishnan PB, Ledezma DK, Cano-Mejia J, Andricovich J, Palmer E, Patel VA, et al. CD137 agonist potentiates the abscopal efficacy of nanoparticle-based photothermal therapy for melanoma. Nano Res. (2022) 15:2300–14. doi: 10.1007/s12274-021-3813-1, PMID: 36089987


	 Huo M, Zhao Y, Satterlee AB, Wang Y, Xu Y, Huang L. Tumor-targeted delivery of sunitinib base enhances vaccine therapy for advanced melanoma by remodeling the tumor microenvironment. J Controlled release. (2017) 245:81–94. doi: 10.1016/j.jconrel.2016.11.013, PMID: 27863995


	 Guo Y, Wang D, Song Q, Wu T, Zhuang X, Bao Y, et al. Erythrocyte membrane-enveloped polymeric nanoparticles as nanovaccine for induction of antitumor immunity against melanoma. ACS Nano. (2015) 9:6918–33. doi: 10.1021/acsnano.5b01042, PMID: 26153897


	 Ye H, Wang K, Zhao J, Lu Q, Wang M, Sun B, et al. In situ sprayed nanovaccine suppressing exosomal PD-L1 by golgi apparatus disorganization for postsurgical melanoma immunotherapy. ACS nano. (2023) 17:10637–50. doi: 10.1021/acsnano.3c01733, PMID: 37213184


	 Chung YH, Park J, Cai H, Steinmetz NF. S100A9-targeted cowpea mosaic virus as a prophylactic and therapeutic immunotherapy against metastatic breast cancer and melanoma. Advanced Sci (Weinheim Baden-Wurttemberg Germany). (2021) 8:e2101796. doi: 10.1002/advs.202101796, PMID: 34519180


	 Koellhoffer EC, Mao C, Beiss V, Wang L, Fiering SN, Boone CE, et al. Inactivated cowpea mosaic virus in combination with OX40 agonist primes potent antitumor immunity in a bilateral melanoma mouse model. Mol pharmaceutics. (2022) 19:592–601. doi: 10.1021/acs.molpharmaceut.1c00681, PMID: 34978197


	 Zeng T, Zang W, Xiao H, Jiang Y, Lin S, Wang M, et al. Carrier-free nanovaccine: an innovative strategy for ultrahigh melanoma neoantigen loading. ACS Nano. (2023) 17:18114–27. doi: 10.1021/acsnano.3c04887, PMID: 37695697


	 Fontana F, Fusciello M, Groeneveldt C, Capasso C, Chiaro J, Feola S, et al. Biohybrid vaccines for improved treatment of aggressive melanoma with checkpoint inhibitor. ACS nano. (2019) 13:6477–90. doi: 10.1021/acsnano.8b09613, PMID: 31100004


	 Zou C, Jiang G, Gao X, Zhang W, Deng H, Zhang C, et al. Targeted co-delivery of Trp-2 polypeptide and monophosphoryl lipid A by pH-sensitive poly (β-amino ester) nano-vaccines for melanoma. Nanomedicine: nanotechnology biology Med. (2019) 22:102092. doi: 10.1016/j.nano.2019.102092, PMID: 31593795


	 Zhu H, Liu Q, Miao L, Musetti S, Huo M, Huang L. Remodeling the fibrotic tumor microenvironment of desmoplastic melanoma to facilitate vaccine immunotherapy. Nanoscale. (2020) 12:3400–10. doi: 10.1039/C9NR09610H, PMID: 31989142


	 Sainz V, Moura LIF, Peres C, Matos AI, Viana AS, Wagner AM, et al. α-Galactosylceramide and peptide-based nano-vaccine synergistically induced a strong tumor suppressive effect in melanoma. Acta biomaterialia. (2018) 76:193–207. doi: 10.1016/j.actbio.2018.06.029, PMID: 29940370


	 Shen HH, Peng JF, Wang RR, Wang PY, Zhang JX, Sun HF, et al. IL-12-overexpressed nanoparticles suppress the proliferation of melanoma through inducing ICD and activating DC, CD8(+) T, and CD4(+) T cells. Int J Nanomedicine. (2024) 19:2755–72. doi: 10.2147/IJN.S442446, PMID: 38525008


	 Lai X, Liu XL, Pan H, Zhu MH, Long M, Yuan Y, et al. Light-triggered efficient sequential drug delivery of biomimetic nanosystem for multimodal chemo-, antiangiogenic, and anti-MDSC therapy in melanoma. Advanced materials (Deerfield Beach Fla.). (2022) 34:e2106682. doi: 10.1002/adma.202106682, PMID: 34989039


	 Wu J, Cheng Y, Qian K, Yang P, Zhou L, Xu M, et al. siRNA-encapsulated biomimetic liposomes effectively inhibit tumor cells’ Hexosamine biosynthesis pathway for attenuating hyaluronan barriers to pancreatic cancer chemotherapy. ACS nano. (2025) 19:7928–47. doi: 10.1021/acsnano.4c14969, PMID: 39978787


	 Mojarad-Jabali S, Farshbaf M, Hemmati S, Sarfraz M, Motasadizadeh H, Shahbazi Mojarrad J, et al. Comparison of three synthetic transferrin mimetic small peptides to promote the blood-brain barrier penetration of vincristine liposomes for improved glioma targeted therapy. Int J Pharm. (2022) 613:121395. doi: 10.1016/j.ijpharm.2021.121395, PMID: 34933080


	 Dzhumashev D, Anton-Joseph S, Morel VJ, Timpanaro A, Bordon G, Piccand C, et al. Rapid liposomal formulation for nucleolin targeting to rhabdomyosarcoma cells. Eur J pharmaceutics biopharmaceutics. (2024) 194:49–61. doi: 10.1016/j.ejpb.2023.11.020, PMID: 38029941


	 Brudno JN, Maus MV, Hinrichs CS. CAR T cells and T-cell therapies for cancer: A translational science review. JAMA. (2024) 332:1924–35. doi: 10.1001/jama.2024.19462, PMID: 39495525


	 Dulery R, Guiraud V, Choquet S, Thieblemont C, Bachy E, Barete S, et al. T cell Malignancies after CAR T cell therapy in the DESCAR-T registry. Nat Med. (2025). doi: 10.1038/s41591-025-03717-4, PMID: 40281205


	 Wang C, Zeng Q, Gul ZM, Wang S, Pick R, Cheng P, et al. Circadian tumor infiltration and function of CD8(+) T cells dictate immunotherapy efficacy. Cell. (2024) 187:2690–702.e2617. doi: 10.1016/j.cell.2024.04.015, PMID: 38723627


	 Hirschhorn D, Budhu S, Kraehenbuehl L, Gigoux M, Schroder D, Chow A, et al. T cell immunotherapies engage neutrophils to eliminate tumor antigen escape variants. Cell. (2023) 186:1432–47.e1417. doi: 10.1016/j.cell.2023.03.007, PMID: 37001503


	 Gluz O, Kuemmel S, Nitz U, Braun M, Ludtke-Heckenkamp K, von Schumann R, et al. Nab-paclitaxel weekly versus dose-dense solvent-based paclitaxel followed by dose-dense epirubicin plus cyclophosphamide in high-risk HR+/HER2- early breast cancer: results from the neoadjuvant part of the WSG-ADAPT-HR+/HER2- trial. Ann Oncol. (2023) 34:531–42. doi: 10.1016/j.annonc.2023.04.002, PMID: 37062416


	 Sehgal A, Hoda D, Riedell PA, Ghosh N, Hamadani M, Hildebrandt GC, et al. Lisocabtagene maraleucel as second-line therapy in adults with relapsed or refractory large B-cell lymphoma who were not intended for haematopoietic stem cell transplantation (PILOT): an open-label, phase 2 study, The Lancet. Oncology. (2022) 23:1066–77. doi: 10.1016/S1470-2045(22)00339-4, PMID: 35839786


	 Cortes J, Rugo HS, Cescon DW, Im SA, Yusof MM, Gallardo C, et al. Pembrolizumab plus chemotherapy in advanced triple-negative breast cancer. New Engl J Med. (2022) 387:217–26. doi: 10.1056/NEJMoa2202809, PMID: 35857659


	 Cheng SL, Wu CH, Tsai YJ, Song JS, Chen HM, Yeh TK, et al. CXCR4 antagonist-loaded nanoparticles reprogram the tumor microenvironment and enhance immunotherapy in hepatocellular carcinoma. J Controlled release: Off J Controlled Release Soc. (2025) 379:967–81. doi: 10.1016/j.jconrel.2025.01.066, PMID: 39863023


	 Dorigo O, Oza AM, Pejovic T, Ghatage P, Ghamande S, Provencher D, et al. Maveropepimut-S, a DPX-based immune-educating therapy, shows promising and durable clinical benefit in patients with recurrent ovarian cancer, a phase II trial. Clin Cancer Res. (2023) 29:2808–15. doi: 10.1158/1078-0432.CCR-22-2595, PMID: 37126016







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 Shan and Liu. 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.




Glossary

TME tumor microenvironment

ICIs Immune checkpoint inhibitors

UV ultraviolet

EPR enhanced permeability and retention

DC dendritic cell

Tregs regulatory T cells

MDSCs myeloid-derived suppressor cells

PFS progression-free survival

OS overall survival

RFS relapse-free survival

CAFs cancer-associated fibroblasts

MES mesenchymal

CPPs cell-penetrating peptides

LNPs Lipid-based nanoparticles

LCP lipid-calcium-phosphate

l LPH ipid-polyarginine-hyaluronic

PEG-EV-DOX PEGylated extracellular vesicles

IL-13-LCL-SIM IL-13-functionalized long-circulating liposomes

APCs antigen-presenting cells

artificial antigen-presenting cells nano-aAPCs, ICD, immunogenic cell death

PNPs Polymeric nanoparticles

PAMP pathogen-associated molecular pattern

TMV tobacco mosaic virus

nHA nano-hydroxyapatite

PNT peptide nanotube

PDT photodynamic therapy

FCS fluorocarbon-modified chitosan

MNPs Metallic-based nanoparticles

FMT ferumoxytol

ZMS Manganese-zinc sulfide

CDT chemodynamic therapy

PTT photothermal therapy

ROS reactive oxygen species

DAMPs damage-associated molecular patterns

rMMNs Redox-responsive magnetic nanocarriers

ICB Immune checkpoint blockade

FNAIAs framework nucleic acid immunoadjuvants

ODN oligodeoxynucleotide

DOX doxorubicin

UVM uveal melanoma

ACT Adoptive cell therapy

M2NPs M2-TAM-specific nanoparticles

Frax NE Fraxinellone-loaded nanoemulsions

nano-aAPC nanoscale artificial antigen-presenting cell

MIT mitoxantrone

CEL celastrol

TIL tumor-infiltrating lymphocyte

PBNPs Prussian blue nanoparticles

SUNb-PM Polymeric micelles loaded with sunitinib

CTL cytotoxic T lymphocyte

GENPs Golgi-PD-L1-deficient exosome hybrid membrane-coated nanoparticles

CPMV cowpea mosaic virus

inCPMV inactivated

2′F-CpG 2′-fluorinated CpG

SUN-NPs sunitinib-loaded nanoparticles

GalCer galactosylceramide

iNKT invariant natural killer T

IL-12 interleukin-12

CPP CaCO3-polydopamine-polyethyleneimine

NP nanoparticle

CAR chimeric antigen receptor

scFv single-chain variable fragment

MNPs Metallic nanoparticles

GMP Good Manufacturing Practice

MOFs metal-organic frameworks
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