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ABSTRACT

	Cancer remains one of the leading causes of global mortality, and conventional therapies such as chemotherapy, radiotherapy, and surgery often lack specificity, resulting in systemic toxicity and poor quality of life. Nanotechnology has emerged as a powerful tool to address these shortcomings by enabling targeted, efficient, and minimally toxic therapeutic strategies. Through nanoscale engineering, materials such as liposomes, dendrimers, metallic and polymeric nanoparticles have been developed for precise drug delivery, controlled release, and improved biodistribution of anticancer agents. Beyond drug transport, nanotechnology plays a pivotal role in enhancing cancer immunotherapy through nanovaccines, photothermal therapy, photodynamic therapy, and gene-based delivery systems. These platforms strengthen immune activation, promote tumor-specific cytotoxicity, and support personalized treatment approaches by incorporating patient-derived antigens and neoantigens. Additionally, nanoparticles facilitate theranostics integrating therapy and diagnostics to monitor real-time treatment response. Despite significant progress, the path to clinical application faces regulatory challenges due to the complexity and variability of nanoparticle systems. Addressing issues related to long-term safety, standardization, and cost is crucial for successful translation. Ultimately, nanotechnology represents a transformative paradigm in oncology, bridging molecular precision with immune modulation to create safer, more personalized, and more effective cancer therapies.
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1. INTRODUCTION

Cancer remains one of the primary causes of death worldwide, accounting for millions of fatalities each year. Conventional treatment strategies such as chemotherapy, radiation, and surgery are often nonspecific, damaging both malignant and healthy tissues and leading to severe adverse effects [1]. Chemotherapeutic drugs, in particular, cannot effectively distinguish between cancerous and normal cells, resulting in systemic toxicity, immune suppression, and diminished patient quality of life [2]. In addition, the emergence of drug resistance in tumors continues to hinder long-term treatment success, highlighting the need for more targeted and less toxic therapeutic strategies [3].Nanotechnology has emerged as a promising approach to address these limitations. Defined as the manipulation of materials at the nanoscale (1–100 nm), it offers innovative opportunities for improved cancer diagnosis, treatment, and monitoring [4]. By exploiting the unique physicochemical and biological properties of nanomaterials, researchers have developed advanced therapeutic and diagnostic systems with enhanced targeting ability, reduced toxicity, and improved treatment outcomes. This integration of nanotechnology into oncology, often referred to as nanomedicine, includes nanocarriers for drug delivery, nanoscale diagnostic platforms for early detection, and targeted therapeutic nanomaterials [5]. These nanocarriers can encapsulate diverse therapeutic agents such as chemotherapeutic drugs, genes, and proteins, enabling precise delivery to tumor sites while minimizing off-target effects. Furthermore, nanotechnology supports the concept of theranostics, where nanoparticles combine therapeutic and diagnostic functions, allowing real-time monitoring of treatment responses and facilitating more personalized cancer management [6].

Immunotherapy has shown markedly improved response rates compared with conventional approaches such as chemotherapy. Since their first approval in 2011, immune checkpoint blockade (ICB) therapies have reshaped cancer management, particularly for advanced melanoma. For instance, treatment with nivolumab has extended overall survival to nearly 34.8 months, compared with about 15.7 months observed with traditional therapies. The clinical adoption of ICB treatments has also increased by approximately 150%, highlighting their expanding role in managing diverse solid tumors [7]. Advances in cancer biology have been crucial in developing targeted therapies by clarifying how the immune system recognizes and eliminates malignant cells [8]. Nevertheless, tumors possess complex immune evasion strategies that enable survival, progression, and metastasis [9]. A central mechanism underlying immune escape is immunoediting, a dynamic interaction in which immune pressure eliminates highly immunogenic tumor cells while allowing less-detectable variants to proliferate [10]. This process contributes to tumor heterogeneity and the formation of an immune-resistant tumor microenvironment (TME). Many tumors, including melanoma, exploit immune checkpoints such as PD-L1 to suppress T-cell activity [11]. In cancers with high mutational burdens, such as non-small cell lung cancer, resistance to checkpoint inhibitors can also develop [12]. Additionally, tumors establish immunosuppressive TMEs by secreting cytokines like TGF-β and IL-10 and recruiting regulatory T-cells and myeloid-derived suppressor cells, thereby weakening tumor-infiltrating lymphocyte function [13–15]. Loss of tumor-specific antigens and reduced MHC expression further limit immune recognition, while checkpoint ligand expression promotes immune tolerance [16,17].

As understanding of immune–tumor interactions has grown, immunotherapy is now recognized as a major treatment modality. Strategies including checkpoint inhibitors, adoptive T-cell therapies, and cancer vaccines aim to restore immune activity against tumors [18,19]. Effective therapy depends on careful antigen selection, including tumor-specific antigens, tumor-associated antigens, and neoantigens derived from tumor mutations [20,21]. Personalized neoantigen-based vaccines can induce precise and durable immune responses, especially when combined with approaches that modulate the TME [22,23]. More recently, nanovaccines have emerged as a promising advancement, improving antigen stability, delivery, and immune activation. These nanoscale platforms enable targeted transport of antigens and adjuvants, enhance immune recognition, and support personalized treatment by incorporating patient-specific neoantigens [24–26].




1. Nanoparticles as drug carriers: 
Nanoparticles (NPs) serve as one of the most promising tools in the realm of medication delivery, particularly for cancer treatment [27]. These nanoparticles, including liposomes, dendrimers, metallic nanoparticles (such as gold and silver nanoparticles), polymeric nanoparticles and others, offer unique capabilities that allow for the precise and targeted delivery of chemotherapeutic agents [28]. Primary strength of NPs as drug carriers lies in their ability to encapsulate drugs and transport them directly to tumor cells, ensuring a higher concentration of the therapeutic agents to the targeted site [29]. This maximizes the efficacy of the drug and significantly reduces the systemic toxicity that is commonly associated with conventional chemotherapy [30]. One of the key reasons why nanoparticles are so effective in targeting tumor cells is their ability to take advantage of the enhanced permeability and retention (EPR) effect. Due to abnormal angiogenesis induced by cancerous cells, abnormal vasculature enables accessible penetration even to large molecules and retention of those large molecules due to incomplete immune system constructed around them [31]. The ability to penetrate allows nanoparticles to naturally gather in the tumor microenvironment and its ability to retain within the tumor microenvironment due to poor lymphatic drainage in tumors leads to prolonged drug exposure at tumor site [32]. This passive targeting mechanism is particularly advantageous in solid tumors, where it is challenging to deliver sufficient drug doses when using traditional methods [33].
Liposomes, among the earliest form of nanoparticles utilized for drug delivery, are spherical vesicles made up of lipid bilayers capable of encapsulating both hydrophilic and hydrophobic drugs [34]. Due to its similar structures to that of human cell membrane and encapsulation, liposome poses great advantage in its size, biocompatibility, biodegradability, low toxicity and immunogenicity [35]. Clinical success of liposomal formulations such as Doxil®, a liposomal formulation of Doxorubicin, has shown the potential of NPs to improve the therapeutic index of chemotherapeutic agents especially in breast, Kaposi’s sarcoma and ovarian cancer [36]. Compared with free doxorubicin, liposomal formulations using polyethylene glycol-coated liposomes resulted in a decreased volume of distribution, an extended intravascular circulation half-life, and a slower plasma clearance rate [37]. This characteristic reduces the cardiotoxicity typically associated with free doxorubicin, hence allowing patients to receive effective cancer treatments with fewer side effects [38]. Doxil, being the first nanotechnology-based formulation approved by FDA in 1995 and one of the most mature form of nanotechnology-based drugs, is still utilized today to treat different cancers such as ovarian cancer, acute lymphoblastic leukemia, breast cancer, AIDS-related Kaposi’s sarcoma and acute myeloblastic leukemia [39]. The development of liposomal carriers for chemotherapeutics has laid the groundwork for the creation of more sophisticated nanocarriers capable of responding to specific environmental cues, such as temperature or pH, to release their drug cargo specifically at the tumor site [40]. Polymeric nanoparticles are another versatile category of drug carriers. These can be either be derived from the nature or made artificially [41]. As these polymeric nanoparticles are often made of biodegradable materials, polymeric nanoparticles pose great advantage in the field of nanomedicine [42]. Polymers of plant origin, for example is composed of polysaccharides of cellulose, starch, inulin and etc., soy proteins and polyesters from higher plants [43]. This also goes along with some synthetic polymeric nanoparticles like chitosan. Chitosan, a deacetylation form of chitin, currently function as one of the best drug carriers for cancer [44]. In its original form, while biocompatible, bioactive and biodegradable, due to its low solubility, utilization was limited. Chitosan can be rapidly uptaken across the cell membrane. This sustained release helps maintain an effective drug concentration within the tumor while minimizing peak drug levels that could cause systemic toxicity [45]. Polymeric nanoparticles can also be designed to transport multiple drugs or therapeutic agents, offering the potential for combination therapy in a single nanocarrier [46]. Dendrimers, another type of nanoparticle, are highly branched, tree-like structures that can be precisely controlled in terms of size and surface functionality [47]. Their unique architecture allows for high drug-loading capacity, and the presence of multiple functional groups on their surface that facilitate the attachment of targeting ligands or imaging agents [48]. In the field of oncology, dendrimers were modified to be used as a nucleic acid carrier [49]. Biocompatibility and specificity of nucleic acid therapy posed great advantage in cancer treatment. Hence, researchers thought of an innovative way to incorporate nucleic acid into certain cell [50]. However, due to its large molecular weight and its hydrophilic nature, it was difficult to let the nucleic acid to penetrate inside the cell membrane [51]. Conventional way of incorporating nucleic acid into certain cell was via viral and nonviral based vectors [52]. However, clinical applications were hindered due to worries in immunological and oncological adverse effects. Various development has been made and one of it was the utilization of PAMAM dendrimers for nucleic acid delivery in 1995 [53]. After its first put out, PAMAM dendrimers have been modified, being more compact and spherical. For example, fourth generation of PAMAM dendrimer was loaded with IFN-β to target malignant gliomas by modifying arginine [54]. Another example would be with the dendrimers being functionalized with folic acid, which targets the folate receptors overexpressed on certain cancer cells, thereby improving the precision of drug delivery [55]. Thus, dendrimers can be modified in such way to improve their biocompatibility and reduce its potential toxicity, making them an ideal candidate for delivering chemotherapeutic agents or gene therapies [56]. In addition to these widely studied NPs, metallic nanoparticles, including gold and silver nanoparticles, have also shown potential in cancer treatment [57]. Among various metallic nanoparticles, gold nanoparticles gained most interest due to their biocompatibility, stability and its high electron content, enabling them to have low chemical reactivity [58]. The optical properties and photothermal properties of gold can be modified with various ligands to target specific cancer cells, and when irradiated with near infrared light, generate heat, allowing them to destroy cancer cells while sparing surrounding healthy tissue [59]. Currently, gold nanorods (GDNDs), a type of capsule-like nanoparticle is one of the thriving nanoparticles recently [60]. This dual functionality enables gold nanoparticles to become a powerful tool in cancer therapy, offering both therapeutic and diagnostic (theranostic) capabilities [60]. Moreover, nanoparticles can be engineered to react to specific stimuli in the tumor microenvironment, such as changes in pH, temperature, or the presence of enzymes [61]. For example, pH-sensitive nanoparticles can discharge their drug payload in the acidic environment of the tumor, thereby enhancing drug release at the site of action while minimizing release in healthy tissues [62]. Similarly, enzyme-sensitive nanoparticles can release their contents in response to enzymes that are overexpressed in the tumor microenvironment, further increasing the specificity and effectiveness of the treatment [63].

2. Targeted Delivery System: 
Targeted delivery systems represent a major advancement in nanotechnology-based cancer therapy, offering the potential for highly specific and effective treatment with minimized side effects [64]. Functionalization of NPs with ligands like peptides, antibodies, aptamers, or small molecules enables precise targeting of cancer cell surface receptors, which are often overexpressed or uniquely expressed in tumor cells compared to normal cells [64]. This selective targeting not only enhances the accumulation of therapeutic agents in cancer cells but also improves the overall efficacy of the treatment while reducing off-target toxicity to healthy issues [65]. A key benefit of targeted delivery systems is their capacity to exploit the molecular differences between cancer cells and normal cells. Many types of cancer cells overexpress specific receptors or proteins on their surface, which can be exploited as binding sites for ligand-functionalized nanoparticles [66]. For example, the HER2 receptor is overexpressed in certain types of breast cancer cells, and nanoparticles functionalized with anti-HER2 antibodies can specifically bind to these receptors, facilitating the direct delivery of chemotherapeutic agents to the cancer cells [67]. This method increases drug accumulation at the tumor site while reduces the exposure of non-cancerous cells to the cytotoxic effects of the treatment, thus minimizing side effects [68]. Another common target for ligand-functionalized nanoparticles is the folate receptor, which is overexpressed in various types of cancers, including ovarian, breast, and lung cancers [69]. Folate-conjugated nanoparticles can attach to the folate receptor with high affinity, allowing for selective uptake of the nanoparticles by cancer cells. Once inside the tumor cells, the nanoparticles can release their therapeutic payload, resulting in enhanced drug delivery and improved therapeutic outcomes [70]. This type of targeting is particularly advantageous because the folate receptor is either minimally expressed or absent in most normal tissues, further enhancing the specificity of the treatment [71]. Peptide-based ligands are also widely used for targeting nanoparticles to cancer cells [72]. While peptides are more vulnerable to degradation and lower affinity than the molecular antibodies, peptides exhibit great advantage which are its fast and deep penetration and its efficient internalization [73]. Hence peptides have been devised in the field of nanotechnology to guide nanoparticles in recognizing specific receptors or proteins on the surface of cancer cells [74]. Not only does it guide the nanoparticles, but due to their direct interactions of nanoparticles and peptides, nanoparticles are able to prevent degradation of peptides from proteases within cell [75]. For instance, RGD peptide, which recognizes integrins overexpressed on the surface of tumor endothelial cells, has been frequently used to functionalize nanoparticles for targeted delivery to tumors [76]. Hence, RGD peptide has been modified to be associated with nanoparticles [132]. The modified RGD peptide known as internalized RGD (iRGD), having been modified, not only was it able to bind to integrins but it was also able to increase tissue penetration [77]. This facilitated the penetration of the drugs into the tissue [78]. By attaching to vβ3 integrins on the endothelial cells involved in tumor cell angiogenesis, it was able to prevent the growth of new blood vessels [133]. This approach is especially useful for targeting the tumor vasculature, as integrins are crucial in the angiogenesis process, which enables tumors to form new blood vessels and support their growth [79]. By delivering therapeutic agents directly to the tumor vasculature, peptide-functionalized nanoparticles can inhibit angiogenesis and starve the tumor of its blood supply, effectively limiting its growth and metastasis. [80] 
Ligand-functionalized nanoparticles enhance selective targeting of cancer cells by enabling specific receptor binding, which improves cellular uptake and internalization [81]. After binding to receptors on the cancer cell surface, these nanoparticles are commonly internalized through receptor-mediated endocytosis, allowing the cell to engulf them within intracellular vesicles [82]. This mechanism ensures direct delivery of therapeutic agents into cancer cells, where they can effectively exert cytotoxic activity [83]. For instance, antibody-conjugated nanoparticles targeting transferrin receptors are taken up via clathrin-mediated endocytosis, enabling efficient intracellular delivery of chemotherapeutic drugs to tumor cells [84]. Targeted nanoparticle systems also help overcome major limitations of conventional chemotherapy, particularly drug resistance [85]. Many tumors develop resistance by overexpressing efflux transporters such as P-glycoprotein, which remove drugs from cancer cells before they produce therapeutic effects [134]. Ligand-functionalized nanoparticles can bypass these resistance pathways by binding specifically to tumor cell receptors and entering cells through endocytosis [86]. Once inside, the encapsulated drugs are released intracellularly, avoiding efflux pump action and increasing drug retention within cancer cells [135]. Furthermore, these nanoparticles can be designed to respond to unique features of the tumor microenvironment, including variations in pH, temperature, and enzyme activity [136]. Tumor tissues typically exhibit a more acidic environment than normal tissues due to elevated metabolic activity [137]. pH-responsive polymers are therefore widely employed in nanocarriers, remaining stable at physiological pH but undergoing structural changes such as swelling or degradation under acidic tumor or endosomal conditions [138]. This pH-triggered behavior promotes site-specific drug release, improves bioavailability, and reduces off-target toxicity. Polymers containing acid-sensitive bonds or protonatable functional groups further enhance release efficiency under acidic conditions [139]. In addition, enzyme-responsive nanoparticles can release therapeutic cargo in the presence of tumor-associated enzymes such as matrix metalloproteinases, which are highly expressed in tumors and contribute to invasion and metastasis [87].

3. Nanotechnology-based therapeutic strategies: 
Nanotechnology has revolutionized cancer treatment by introducing innovative therapeutic approaches that are more precise, effective, and targeted [140]. These advanced methods reduce harm to healthy tissues while enhancing the treatment’s impact on tumor cells. Nanoparticles provide flexible platforms for various cancer therapies, including photothermal therapy, photodynamic therapy, gene therapy, immunotherapy, and radiotherapy enhancement [141]. Their distinct characteristics, such as large surface area, adjustable size, and the potential for functional modifications, make them excellent tools for addressing many of the limitations found in traditional cancer treatments [88]. 
3.1.  Immunotherapy: 
Cell-based vaccines are prepared with either whole cells (modified or not) or part of them. These vaccines contain tumor antigens, which can boost the immune response by facilitating the identification and attack of cancer cells [89]. The first vaccine based on tumor cells or tumor lysates was developed in 1980 [142]. Autologous tumor cells were used in this trial to treat colorectal cancer, and their results gave rise to greater interest from the scientific community in this type of therapy [143]. In 2010, a dendritic cell-based vaccine (Sipuleucel-T) was successfully used to treat prostate cancer, demonstrating the feasibility and wide application of cancer vaccines [144]. We can say, then, that these types of cell-based vaccines are divided into tumor cell vaccines and immune system cell vaccines [90]. Tumor cell vaccines use the patient’s tumor cells (autologous) or allogeneic cell lines that contain the antigens associated with tumors and, thus, the epitopes of CD4+ helper T-cells and CD8+ CTLs [145]. These irradiated tumor cells are administered together with an adjuvant and may be able to induce the production of specific T-cells against any antigen expressed by the tumor cell used. In some cases tumor cells are genetically modified to add functions such as cytokine production (IL-21 or IL-7) and granulocyte–macrophage colony-stimulating factor (GM-CSF) [146]. Vaccines based on cells of the immune system make use of the role that these cells have in enhancing the immune response to cancer [91]. This is the case with the use of dendritic cells (DCs), which are the main mediators of the presentation of antigens to the immune system [147]. These DCs are loaded with tumor antigens or lysates, and once activated, they are reintroduced to the patient to present these antigens to T lymphocytes, activating a specific immune response against the tumor [148]. Most DC-based vaccines are derived from monocytes, and good tolerance and efficacy results have been seen in monocyte vaccination studies. One of the emerging strategies in this field is the use of cancer stem cells (CSCs) [149]. They are a subpopulation of the cells present in tumors that have characteristics such as self-renewal and resistance to treatment, which contribute to the development of cancer recurrence and metastasis [92]. Dendritic cells are sensitized to CSCs or their lysates, which could allow targeted cytotoxicity (with the greater activation of T lymphocytes against these CSCs) and decreased tumor cell migration [150]. There are still no FDA-approved CSC-based vaccines, but multiple in vitro trials have demonstrated their ability to inhibit tumor growth and metastasis [93]. 
GVAX is a cancer vaccine based on tumor cells modified to secrete GM-CSF. It is administered once the tumor is irradiated to stop the uncontrolled proliferation of tumor cells. There are two modalities of the GVAX vaccine: one that uses the patient’s cells (autologous), and another that uses non-patient-specific cells (allogeneic). It has been seen in clinical trials that this vaccine has promising results in the treatment of lung carcinoma, with a relationship having been identified between GM-CSF secretion and a good prognosis of the disease. Efficacy has also been seen in phase II clinical trials for pancreatic cancer, in combination with radiotherapy. Sipuleucel-T is a type of vaccine based on autologous cells. It is made from a leukocyte fraction obtained from the patient’s peripheral blood, which is cultured with an antigen specific to prostate carcinoma, known as prostatic acid phosphatase (PAP), in the presence of GM-CSF. DCs, which constitute approximately 11.2% of the preparation, are the main active components and have the function of presenting the PAP antigen to activate and induce antigen-specific T-cells in the patient. Sipuleucel-T was the first therapeutic cancer vaccine, approved for clinical use in 2010 under the name Provenge. This vaccine has been shown to increase the average overall survival by 4 months in patients diagnosed with prostate cancer. Provenge is an example of a personalized vaccine, which has been created using mass spectrometry or other methods, such as exome sequencing. The objective of this type of vaccine is to identify the mutation and neoantigen characteristics of the patient’s tumors, and their great potential has been seen in clinical trials [94]. Finally, Canvaxin can overcome the hurdle of vaccines that use the patient’s cells, as it employs tumor cell lines. It has been studied in prostate, breast, and pancreatic cancers. While all three vaccines share the goal of enhancing the host’s immune response to tumor antigens, they differ in their design and application. GVAX and Canvaxin rely on whole tumor cells, with GVAX focusing on GM-CSF secretion, while Provenge is a more targeted approach, using DCs to present a specific tumor antigen. Provenge has achieved regulatory approval with modest survival benefits, while GVAX and Canvaxin have shown promise in early trials but face challenges in demonstrating consistent efficacy in larger studies. Personalized vaccines like Provenge face logistical and cost barriers, while GVAX and Canvaxin must overcome issues related to scalability, immunogenicity, and variability in patient responses [95].
Recent progress in tumor cell–based vaccine development has focused on improving their immunogenicity to achieve stronger therapeutic responses. Tumor cells often release soluble factors that suppress immune activity, limiting vaccine effectiveness. Strategies to enhance immune stimulation include using dead tumor cells instead of live ones, modifying tumor cells genetically, or combining vaccination with radiotherapy [96]. Oncolytic viruses such as adenoviruses, coxsackieviruses, and measles viruses are frequently employed to induce immunogenic cell death (ICD) in tumor cells. This process promotes the release of damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs), which enhance immune cell recruitment to the tumor microenvironment and improve antigen presentation [97]. Enhanced cross-presentation of tumor-associated antigens by antigen-presenting cells through MHC-I pathways activates cytotoxic T lymphocytes and strengthens antitumor immunity. Other approaches to boost immunogenicity include the use of oxaliplatin, although adenoviruses have demonstrated greater ability to induce immunogenic cell death [98]. In neuroblastoma, nanoparticles that activate interferon genes have been shown to effectively trigger tumor cell apoptosis. Genetic modification of tumor cells to improve antigen presentation, including the incorporation of cytokines such as IL-21 and IL-7, has also produced promising immune responses [99]. The inclusion of adjuvants further enhances antigen presentation; for example, nanoparticles carrying CpG motifs can promote immune recognition of apoptotic tumor cells. Combination therapies, particularly whole-cell vaccines used with immune checkpoint inhibitors, have demonstrated improved efficacy [100]. Blocking PD-L1 enhances T-cell activation by preventing its interaction with PD-1, thereby promoting tumor cell destruction [101]. Additionally, combining radiotherapy with dendritic cell vaccines increases tumor-associated neutrophil activity and reactive oxygen species production, leading to greater tumor apoptosis and neoantigen release, which supports dendritic cell maturation and improved antigen recognition [102].
Cancer vaccines used as monotherapy often show limited clinical effectiveness due to several biological challenges. A major barrier is the immunosuppressive tumor microenvironment, which is enriched with regulatory T-cells, tumor-associated macrophages, and inhibitory cytokines such as TGF-β and IL-10 that suppress vaccine-induced immune responses [103]. Effective antigen selection is also essential for activating CD8+ and CD4+ T-cells; however, many tumors lack highly immunogenic neoantigens, reducing vaccine efficiency in stimulating strong immune reactions. In advanced cancers, vaccine monotherapy frequently produces insufficient immune activation to completely eliminate tumor cells, resulting in weak or transient responses [104]. Enhancing dendritic cell (DC) migration to lymph nodes is a key strategy to improve vaccine efficacy, as lymph nodes provide an optimal environment for antigen presentation and T-cell activation. Upon detecting danger signals, DCs migrate to lymph nodes, mature, and efficiently initiate adaptive immune responses. DC maturation can also be promoted using FLT3 receptor ligands, which support DC differentiation, proliferation, and survival [105]. For example, CD103+ DCs migrate from tumors to lymph nodes following antigen recognition and play a crucial role in cross-presentation to CD8+ T-cells, a process dependent on the CCR7 chemokine receptor. Studies indicate that increasing CCR7 expression enhances DC migration and immune activation, whereas CCR7 deficiency reduces these responses [180]. Despite these advancements, tumors continuously evolve through mutations, angiogenesis, and immune-suppressive signaling to evade immune detection, which limits the overall benefits of vaccine-based therapies compared with other cancer treatments [106].
Brain tumors, particularly malignant gliomas such as glioblastoma multiforme (GBM), remain a major challenge in cancer therapy. The effectiveness of immunotherapeutic vaccines against GBM is limited by several barriers, including the blood–brain barrier, which restricts immune cell access to brain tissue and reduces antitumor immune responses. Additional challenges include the limited availability of well-defined glioma-specific antigens and the presence of a highly immunosuppressive tumor microenvironment. However, since 2000, advances in understanding immune–central nervous system interactions and blood–brain barrier permeability have enabled the identification of glioma-specific antigens, supporting the development of targeted immunotherapeutic vaccines. Early vaccine strategies for GBM involved isolating CD14+ monocytes from peripheral blood and differentiating them into immature dendritic cells (DCs) using GM-CSF and IL-4. These DCs were then loaded with tumor antigens and matured with cytokines such as IL-6 and TNF-α to stimulate immune responses. Initial clinical applications demonstrated promising results; the first reported case in 2000 showed a survival extension of 21 months. Subsequent studies between 2001 and 2004 confirmed that peptide-loaded DC vaccines were safe and capable of activating antitumor immunity, increasing overall survival by an average of 2.5 years in some patients. More recently, the ICT-107 dendritic cell vaccine, targeting multiple glioblastoma-associated antigens, has highlighted the importance of antigen specificity in vaccine design [107]. Although a phase II clinical trial did not significantly improve median overall survival, progression-free survival improved, particularly among HLA-A2–positive patients, indicating enhanced immunological and clinical responses [108].



3.2. Peptide and Protein Vaccines: 
Protein- and peptide-based cancer vaccines aim to stimulate immune responses against specific antigenic epitopes derived from tumor-associated proteins that are absent or minimally expressed in normal tissues. These synthetic antigens are processed by antigen-presenting cells and presented via MHC molecules, enabling T-cells to recognize and attack cancer cells. Numerous tumor-associated antigen (TAA) epitopes capable of binding to MHC have been identified, along with mutation-derived neoantigens that provide highly specific targets for immune activation [109]. Advances in computational tools have further improved neoantigen identification. Despite promising early clinical findings, many phase III trials have not achieved significant therapeutic success, with low tumor clearance rates due to immune escape mechanisms and the immunosuppressive tumor microenvironment [110]. The effectiveness of peptide vaccines depends on careful antigen selection, optimal peptide length, epitope diversity, and the ability to activate both CD4+ and CD8+ T-cells. Peptide vaccines are generally classified as long-chain or short-chain formulations [111]. Long peptides can be processed and presented through both MHC class I and II pathways, activating cytotoxic and helper T-cells and preventing immune tolerance through stronger costimulatory signaling [112]. In contrast, short peptides bind directly to MHC class I molecules and primarily stimulate CD8+ T-cells, but may induce immune tolerance if adequate costimulation is lacking [113]. Although peptide vaccines have been explored for various cancers, including the FDA-approved DSP-7888 for Wilms tumor and HPV-targeting vaccines such as Cervarix and Gardasil, overall therapeutic outcomes remain limited, emphasizing the need for improved design and optimization [114].
Currently, peptide-based vaccines are being evaluated in clinical trials for various types of cancer, including lung cancer, pancreatic cancer, and melanoma. Mittendorf et al. demonstrated in clinical studies that E75, a peptide derived from human epidermal growth factor receptor 2 (HER2), is safe and effective, advancing to phase III clinical trials. In addition, phase II research suggested that the combination of GP2 and GM-CSF could prevent relapses in breast cancer patients. This peptide vaccine was also found to show a particularly promising performance in patients with HER2-positive tumors who had been previously treated with trastuzumab, suggesting a synergistic approach to reduce the risk of recurrence in this specific subgroup of patients [115]. Survivin is a protein with anti-apoptotic functions that is widely expressed in various types of cancer. A vaccine developed with this antigen incorporated three short-chain peptides containing multiple epitopes: eight specific to CD4+ T-cells and six to CD8+ Tcells [183]. This design allowed for the simultaneous activation of both T-cell subtypes, promoting a robust immune response [116]. In preclinical studies, this vaccine was evaluated in murine models of colorectal cancer and B lymphoma. The results showed remarkable efficacy in inhibiting tumor growth, in addition to significantly extending the survival of treated mice, achieving an increase of up to 60 days in life expectancy. Mucin-1 (MUC-1) is a glycoprotein that has a nucleus formed by a sequence of 20 amino acids repeated in tandem, known as variable number tandem repeats (VNTRs). In the context of cancer, this protein exhibits aberrant glycosylation with a reduction in carbohydrate side chains. This structural change exposes more immunogenic epitopes of MUC-1, which activates both the antibody response and the CTL response [117]. In a clinical trial, the injection of a MUC-1-derived peptide containing five VNTR repeats was evaluated in nine breast cancer patients. The results showed that, in seven of them, there was a significant increase in the production of IgG and IgM immunoglobulins specific to the MUC-1 peptide. Finally, the Ras oncogene is part of one of the main cell signaling pathways, known as the Ras/MAPK pathway, which regulates processes such as cell proliferation, differentiation, and survival. Under normal conditions, Ras remains inactive in the cytoplasm of the cell. Its activation occurs when a ligand, such as a growth factor (e.g., EGF, epidermal growth factor), binds to its specific receptor on the surface of the cell, usually a receptor tyrosine kinase (RTK). However, in many cases of pancreatic and colorectal cancer, Ras exhibits constitutive activation due to mutations, which causes uncontrolled cell division and contributes to tumor growth. Several clinical trials have been conducted focused on immunizing against the Ras protein, using adjuvants and peptides of various lengths designed to bind to APCs. Although these studies failed to demonstrate significant clinical responses in terms of tumor shrinkage, they did show a positive correlation between immune cytokine activation and a modest increase in patient survival. [118]
To increase the efficacy of peptide-based vaccines, a strategic selection of the peptides used is critical. This can be achieved by using computational algorithms designed to analyze the interaction between peptides and MHC molecules. These algorithms leverage detailed information about the amino acid sequence and the three-dimensional structure of the peptides, allowing their binding affinity to MHC to be accurately predicted. In addition, whole-exome sequencing techniques offer a complementary approach by identifying tumor cell-specific neoantigens. These antigens, generated by unique somatic mutations of the tumor, are not present in normal tissues, which makes them ideal for designing highly immunogenic vaccines with a lower risk of inducing autoimmune responses. In this context, personalized vaccines targeting neoantigens have demonstrated significantly higher success rates. These vaccines are designed and synthesized based on the unique genetic and molecular characteristics of each patient’s tumors. The integration of the techniques with select neoantigens with a high affinity for MHC has made it possible to predict the efficacy of these vaccines more accurately, optimizing the antitumor immune response and improving therapeutic results. One of the main challenges of peptide vaccines is their limited ability to present antigens effectively. This problem can be addressed using TLR adjuvants or agonists, which enhance immune signaling and increase the effectiveness of the immune response. Adjuvants work by stimulating the immune system to enhance T-cell activation and antigen presentation, thereby optimizing the response against the vaccine antigen. Among the most used adjuvants are alum, monophosphorylated lipid A, polyinosinic-polycytidylic acid, CpG oligodeoxynucleotides, and the emulsifier Montanide ISA 51 [119]. In addition, GM-CSF is also employed as an adjuvant due to its ability to recruit and activate antigen presenting cells. Alum is present in many vaccines that are already authorized for therapeutic use by the FDA. Its main function is to enhance the immune response by facilitating the activation of APCs. On the other hand, monophosphorylated lipid A acts as a Toll 4 receptor (TLR4) agonist, promoting the activation of DCs and improving the stimulation of CTLs. Similarly, CpG oligodeoxynucleotides interact with TLR9, while polyinosinic–polycytidylic acid acts on TLR3. Both agonists stimulate DCs, increase antigen presentation, and amplify immune activation. Clinical studies have shown that the incorporation of these adjuvants into peptide-based vaccines significantly improves their efficacy [120]. Montanide ISA 51 works by enhancing both the immune response and the extended-release effect of vaccines. This adjuvant remains at the injection site for weeks or even months, ensuring the continued presence of the epitopes capable of activating T-cells. In this way, the immune response is optimized, which improves the effectiveness of vaccines. Several studies have shown that the combination of Montanide with the peptides of the oncoproteins E6 and E7 stimulates both CD4+ and CD8+ T lymphocytes, favoring a more robust and tumor-directed immune response. The last adjuvant to mention is GM-CSF. Its mechanism of action consists of attracting DCs to the skin, where the tumor epitopes are found. In addition, it has been observed that GM-CSF can contribute to antiangiogenesis, which limits the blood supply to tumors, preventing their growth. This adjuvant has been used in the final stages of clinical trials. As for the adverse effects associated with GM-CSF, the most common and serious detected has been a local reaction at the injection site. [121]

3.3. Viral Vector-Based Vaccines: 
In recent decades, viruses have aroused a growing interest in the field of cancer immunotherapy due to their ability to interact in a specific way with the immune system and the tumor microenvironment. Their ability to infect host cells, integrate into the genome, and replicate gives them unique properties. These characteristics allow viruses to act as vectors for gene transfer, as adjuvants that enhance the immune response, or even as oncolytic agents capable of destroying tumor cells directly. As has been mentioned, achieving robust cellular immunity is one of the key requirements for cancer vaccines to be effective. This can be achieved using viral vectors, which not only facilitate the efficient expression of specific antigens but also stimulate the immune system by boosting T-cell activity. Among the most commonly used vectors are adenovirus, poxvirus, and vaccinia virus. Adenoviruses have been utilized to deliver tumor antigens into muscle tissue, leveraging their capacity for efficient transfection to stimulate a robust immune response. Modified Vaccinia Ankara (MVA), a genetically engineered vaccinia virus, has shown promise in targeting renal cell carcinomas and epithelial tumors by addressing the overexpression of the MUC1 antigen. Furthermore, the therapeutic vaccine PROSTVAC, which employs two poxvirus vectors to express a prostate-specific antigen, has demonstrated notable efficacy when combined with immune checkpoint inhibitors. Clinical trials revealed that PROSTVAC extended overall survival by 8.5 months and reduced the mortality risk by 44%, highlighting its potential in advanced prostate cancer therapy. [122]
Heterologous prime-boost vaccination technology represents an innovative immunization strategy that outperforms traditional forms of vaccine administration. Unlike conventional methodologies, where the same vaccine with the same antigens is repeatedly used, this approach combines different types of vaccines administered in specific sequences. In a model of Mycobacterium bovis, heterologous prime-boost vaccination with the bacillus Calmette–Guérin vaccine and DNA encoding Hsp65, Hsp70, and Apa was shown to protect against bovine tuberculosis, regardless of the order of administration. However, in other models, the order proved to be crucial. In a study with a murine antigen of HSV-2 gD, starting with DNA (prime) was found to be essential, as reversing the sequence with a booster protein resulted in antibody levels comparable to a homologous protein–protein vaccination, but without improvements in helper T-cell activation. In the case of a hepatitis C antigen, a boost with adenoviral vectors after a prime with DNA generated the highest levels of Th1-type CD4+ T-cells, outperforming both the homologous approach and other combinations of DNA and viral vectors. A primate study conducted by the University of Washington compared the antibody response using vaccinia virus vectors and DNA as the “prime,” concluding that these combinations were superior to the repeated use of DNA or viral vector vaccines. This approach has also shown potential in cancer immunotherapy [123]. For example, vaccination with a prostate antigen 6-transmembrane epithelial (STEAP) combined with heterologous DNA and replicon particles similar to the Venezuelan equine encephalitis virus significantly improved the immune response, increasing the levels of IFN-γ, TNF-α, and IL-12, and delayed the tumor development in murine models. This type of vaccine allows administration through different routes, adapting to specific needs. Although most studies have used conventional routes, such as subcutaneous or intradermal, recent research has shown that intratumoral vaccination is safe and effective. An example is the rF-CEA-TRICOM vaccine, which was preclinically evaluated by intratumoral administration in carcinoembryonic antigen (CEA)-positive tumors. In these studies, this strategy was combined with an initial subcutaneous (prime) vaccination with rV-CEA-TRICOM, followed by a booster with rF-CEA-TRICOM. These trials have been the basis for moving towards a clinical trial in patients with prostate cancer, where this strategy has been shown to be both safe and feasible. [124]
MVA-based vaccines are being developed and evaluated for various applications in cancer immunotherapy, showing promising results in different indications. Clinical trials have shown that recombinant MVA, given alone or in combination with chemotherapy, induces a potent immune response. For example, the company Transgene is researching an MVA that expresses MUC-1 and IL-2 to treat lung and prostate cancers. In patients with advanced-stage lung cancer (stages III and IV), the combination of this vaccine with cisplatin or vinorelbine has shown high efficacy, achieving disease control in 71% of patients in a phase II clinical trial. It should be noted that most of these patients had stage IV cancer with tumors positive for MUC-1, a marker of poor prognosis. In addition, Transgene has developed another recombinant MVA for the treatment of cervical cancer, designed to express the E6 and E7 viral antigens of human papillomavirus type 16, along with IL-2. This approach seeks to generate a cellular response capable of eliminating both the damage caused by cancer and precancerous lesions. In three phase I studies, this vaccine has demonstrated an adequate safety profile, paving the way for more advanced research. On the other hand, Oxford Biomedica is developing the TroVax vaccine, an MVA that encodes the oncofetal antigen 5T4, present in most epithelial cancers, including colon, kidney, breast, and ovary. Initial studies have evidenced the stable control of the disease, along with consistent antibody and T-cell responses, supporting its clinical potential. TroVax has also been evaluated in combination with the FOLFOX chemotherapy regimen in a phase II clinical trial, in which all 23 patients in the study developed cellular and/or humoral responses against the 5T4 antigen. [125]
3.4. Nucleic Acid Vaccines: 
Nucleic acid vaccines, encompassing DNA- and RNA-based platforms, represent a ground-breaking approach to cancer immunotherapy. By delivering genetic material into hosT-cells, these vaccines enable the production of TAAs, which activate the immune responses capable of targeting and destroying cancer cells. They are also quite stable, safe, and effective. DNA-based immunization began in the 1990s with the discovery of a plasmid DNA encoding the nucleoprotein of the influenza A virus. DNA vaccines need to reach the cytoplasm of APCs to access the nucleus and initiate transcription, a crucial step in the process. However, RNA vaccines do not integrate into the genome, which prevents carcinogenic effects. Additionally, RNA vaccines do not need to enter the nucleus, resulting in a very low likelihood of adverse effects. Their only disadvantage compared to DNA vaccines is that they degrade more easily, but their stability can be increased by using liposome formulations or stabilizing adjuvants. Their versatility allows for personalization and the tailoring of vaccines to individual tumor profiles [126]. Recent advancements in delivery systems, such as lipid nanoparticles and biodegradable polymers, have improved their efficacy and safety, paving the way for next-generation, patient-specific treatments. Both platforms hold promise but require advancements in delivery systems and safety optimization to fully realize their therapeutic potential. [127]
DNA vaccines have emerged as a promising approach in cancer immunotherapy due to their ability to induce strong immune responses by delivering genetic material that encodes tumor antigens. These vaccines can be plasmid-based or mRNA-based, with each offering distinct advantages. Plasmid DNA vaccines are advantageous because they are stable, easy to produce, and can be designed to encode specific antigens, allowing for targeted immune activation. They stimulate both cellular and humoral immunity, making them effective in inducing robust immune responses against cancer cells. Recent research has shown that the combination of DNA vaccines with adjuvants or the use of novel delivery systems, such as nanoparticles, can significantly enhance vaccine effectiveness by improving antigen presentation and boosting immune responses. Moreover, DNA vaccines targeting tumor-specific neoantigens are gaining traction, offering the potential for personalized cancer immunotherapy. DNA cancer vaccines can be customized according to an individual’s tumor profile, improving specificity and minimizing off-target effects. Efforts to enhance their therapeutic efficacy focus on improving antigen delivery, immune activation, and overcoming tumor-induced immunosuppression. One important method is the prime–boost strategy, in which an initial DNA vaccination is followed by viral or bacterial vector–based boosters encoding the same antigen. This approach enhances antigen-specific T-cell production and activates innate immune pathways through Toll-like receptor stimulation, showing promising outcomes in hepatocellular carcinoma and other clinical studies involving HER-2 and carcinoembryonic antigen–based vaccines. Combining DNA vaccines with immunomodulatory cytokines is another effective strategy. Plasmids encoding cytokines such as IL-2 and GM-CSF enhance dendritic cell maturation and T-cell activation while avoiding systemic toxicity. IL-2 supports T-cell proliferation and activation, whereas GM-CSF promotes antigen presentation through granulocyte and macrophage stimulation. Chimeric DNA vaccines that integrate xenogeneic and self-antigens also show potential by generating strong immune responses without inducing tolerance. Hybrid plasmids encoding both xenogeneic and autologous antigens, such as neu-HER2–targeting constructs for ErbB2-positive tumors, are being developed to further enhance specificity and immunogenicity. More recently, DNA nanovaccines have emerged as a promising advancement by integrating DNA vaccination with nanotechnology-based delivery systems. Encapsulation of tumor antigens within nanoparticles improves stability, targeted delivery, and immune cell activation while reducing adverse effects. Nanocarriers such as liposomes, dendrimers, and polymeric nanoparticles enhance tumor penetration and allow co-delivery of immune modulators or adjuvants, thereby strengthening immune recognition of cancer cells. These developments are advancing personalized cancer immunotherapy and addressing earlier limitations in DNA vaccine delivery and effectiveness [128].
3.5. Messenger RNA (mRNA) Vaccines: 
mRNA vaccines have emerged as a promising strategy in cancer immunotherapy due to their capacity to stimulate both humoral and cellular immune responses. These vaccines deliver synthetic mRNA encoding tumor-associated antigens, which are translated by host cells and presented through MHC molecules, leading to activation of CD8+ and CD4+ T-cells essential for antitumor immunity. A key advantage of mRNA vaccines is their rapid and cost-effective production, as they can be synthesized without cell-based systems and do not integrate into the host genome, reducing safety concerns. Personalized mRNA vaccines targeting tumor-specific neoantigens further enhance therapeutic specificity and efficacy, and they can be combined with other treatments such as immune checkpoint inhibitors to overcome resistance mechanisms. Improving mRNA vaccine performance requires optimized formulation and delivery. Structural modifications, including the addition of a 5′ cap and poly(A) tail, increase mRNA stability and translation efficiency. Delivery systems such as lipid nanoparticles (LNPs) protect mRNA from degradation, enhance cellular uptake, and promote cytoplasmic release for effective antigen expression. Although LNPs are widely used, concerns regarding inflammatory responses have encouraged exploration of alternative carriers, including polymeric micelles and hybrid biomimetic systems. These next-generation platforms improve stability, targeting, and immune activation while minimizing adverse effects. Functionalized nanoparticles and advanced delivery systems continue to enhance antigen presentation and T-cell responses, supporting the development of more effective and personalized mRNA-based cancer vaccines [129].


4. Photothermal therapy (PTT) and Photodynamic therapy (PDT)
Photothermal therapy (PTT) is an emerging cancer treatment that uses nanoparticles to convert light, particularly near-infrared (NIR) radiation, into heat to selectively destroy cancer cells while sparing healthy tissues. This targeted approach reduces the adverse effects commonly associated with conventional treatments such as chemotherapy and radiotherapy. Nanoparticles like gold nanoparticles and carbon nanotubes efficiently absorb NIR light and generate localized heat, which raises the tumor temperature to levels that induce cancer cell death through protein denaturation and membrane disruption. Gold nanoparticles are widely used due to their strong surface plasmon resonance and can be functionalized with antibodies or peptides to improve tumor targeting. Carbon nanotubes also demonstrate high photothermal efficiency and can simultaneously serve as drug carriers, enabling combined photothermal and chemotherapeutic treatment. PTT offers advantages such as minimal invasiveness, precise tumor targeting, and the ability to be repeated with limited side effects, making it particularly useful for tumors in sensitive regions. Photodynamic therapy (PDT) is another light-based treatment that employs photosensitizers activated by specific wavelengths to generate reactive oxygen species, leading to selective tumor destruction. Nanocarriers enhance PDT effectiveness by improving photosensitizer stability, solubility, and tumor targeting. Liposomal carriers protect hydrophobic photosensitizers and facilitate tumor accumulation through the enhanced permeability and retention effect. Polymeric nanoparticles, such as those made from PLGA, enable controlled drug release and improved circulation time, while also responding to tumor-specific conditions like pH and enzyme activity. Metal-based nanoparticles, including gold nanoparticles and quantum dots, further enhance PDT by improving light absorption and reactive oxygen species generation. These platforms also support theranostic applications, combining imaging and therapy for more precise and personalized cancer treatment.
Carbon-based nanomaterials, including (GO) and carbon nanotubes (CNTs), further extend the capabilities of PDT. Their high surface area allows for the conjugation of multiple photosensitizers or targeting ligands, enhancing tumor specificity [130]. Additionally, carbon nanotubes possess unique photothermal properties, enabling the combination of PDT and photothermal therapy (PTT) in a single treatment modality. This synergy can improve therapeutic outcomes, especially in hypoxic tumors where oxygen-dependent ROS generation might be limited. The integration of oxygen-carrying nanomaterials like perfluorocarbon nanoparticles into PDT systems addresses the challenge of hypoxia within the tumor microenvironment. These carriers deliver molecular oxygen directly to the tumor site, boosting ROS production and overcoming a key limitation of conventional PDT. Similarly, mesoporous silica nanoparticles (MSNs) are gaining attention for their ability to co-deliver photosensitizers and chemotherapeutic agents, enabling combination therapy that targets tumors through multiple mechanisms. More importantly, PTT and PDT, as local treatment methods, have attracted widespread attention in cancer immunotherapy in recent years. These two treatment methods damage tumor cells by generating thermal effects or reactive oxygen species (ROS), thereby inducing immunogenic cell death (ICD). ICD is a cell death mode that can activate the body’s immune response, mainly through the exposure of damage-associated molecular patterns (DAMPs), such as high-mobility group protein B1 (HMGB1), ATP, and gradually exposed carnicotinic acid, triggering the immune system to recognize and eliminate tumor cells. ICD induced by PTT and PDT can enhance the antigen presentation function of dendritic cells, thereby promoting the activation of T cells and tumor-specific immune responses. In addition, when PDT and PTT are combined with immunotherapies such as immune checkpoint inhibitors and tumor vaccines, they can produce synergistic effects and further improve the effect of tumor treatment. Therefore, the combination of PTT and PDT-induced ICD mechanisms has opened up a new direction for tumor immunotherapy. [131]
5. Regulatory Hurdles: 
The regulatory approval process for nanomedicines presents its own set of challenges, primarily due to the complexity of nanoparticle systems. Unlike those well-characterized traditional small-molecule drugs, which have an exact mechanism of action, nanoparticles are multifaceted and can exhibit complex behaviors depending on their size, shape, surface charge, and composition. This complexity makes it difficult to establish standardized criteria for evaluating the safety, efficacy, and quality of nanomedicines, which complicates the regulatory approval process. Comprehensive data on pharmacokinetics, biodistribution and toxicity of new therapeutic agents are mandated by regulatory agencies such as the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) before the medicines can be approved for clinical use. For nanoparticles, these evaluations are even more rigorous due to the potential for unpredictable interactions with biological systems. Additionally, the long-term safety of nanoparticles must be thoroughly assessed, particularly because many nanomaterials may persist in the body for extended periods. This necessitates long-term preclinical and clinical studies to assess the potential risks of chronic exposure to nanomaterials, which can delay the approval process and increase the cost of development. Another regulatory hurdle is the lack of standardized testing methods for nanomedicines. Current guidelines for evaluating drug safety and efficacy are often insufficient to account for the unique properties of nanoparticles. For instance, traditional assays for assessing drug release, toxicity, and pharmacokinetics may not be applicable to nanomedicines due to their complex behavior in biological environments. Consequently, the development of new testing protocols and guidelines specifically tailored to nanomedicines are required. This necessitates collaboration between regulatory agencies, researchers, and industry stakeholders to ensure that appropriate standards are established for the evaluation and approval of nanoparticle-based therapies. The cost and time associated with regulatory approval are also major barriers to the clinical translation of nanotechnology. Nanomedicine development often requires significant investment in research, testing, and manufacturing, which can be prohibitively expensive for many small biotech companies and research institutions. Furthermore, the long timelines required for regulatory approval, particularly for first-in-class nanomedicines, can postpone the introduction of new treatments to the market. These financial and temporal constraints can hinder the development and commercialization of innovative nanoparticle-based therapies, limiting their availability to patients in need. 
Conclusion: 
Nanotechnology has revolutionized cancer research by offering solutions that overcome many limitations of traditional therapies. Its ability to deliver drugs directly to tumor sites while minimizing systemic side effects marks a major advance toward safer, patient-specific treatment. Nanocarriers such as liposomes, dendrimers, and polymeric systems have significantly enhanced the pharmacokinetics and therapeutic efficacy of anticancer agents. Moreover, nanovaccines and nucleic acid-based platforms have broadened the horizons of immunotherapy, promoting robust and sustained immune responses against tumors. The incorporation of photothermal and photodynamic therapies further demonstrates nanotechnology’s versatility in integrating precision targeting with minimal invasiveness. However, translating these innovations from laboratory to clinic remains challenging due to regulatory uncertainties, high development costs, and the need for long-term safety data. Collaborative efforts between researchers, regulatory bodies, and industry are essential to establish standardized evaluation protocols and streamline approval pathways. As advances in nanoscience continue to intersect with immunology and personalized medicine, the future of cancer therapy lies in intelligent, multifunctional nanosystems capable of simultaneous diagnosis, targeted therapy, and immune modulation ushering in a new era of precision oncology.
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