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Extracellular vesicles (EVs) play an important role in normal life activities and disease treatment. In recent years, there have been abundant relevant studies focusing on EVs for cancer therapy and showing good performance on tumor inhibition. To enhance the effectiveness of EVs, EV analogs have been developed. This review summarizes the classification, origin, production, purification, modification, drug loading and cancer treatment applications of EVs and their analogs. Also, the characteristics of technologies involved are analyzed, which provides the basis for the development and application of biogenic vesicle-based drug delivery platform for cancer therapy. Meanwhile, challenges in translating these vesicles into clinic, such as limited sources, lack of production standards, and insufficient targeting and effectiveness are discussed. With ongoing exploration and clinical studies, EV-based drugs will make great contributions to cancer therapy.
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1 INTRODUCTION
Cancer is a significant major global concern with about 20 million new cases and 9.7 million deaths in 2022 (Bray et al., 2024). Demographics predict the number of new cases will reach 35 million by 2050. The cancer burden has grown over time worldwide due to complex reasons, including population expanding and aging, increasingly shifting from older to middle aged, and changes in the prevalence of associated risk factors (Cao et al., 2021; Siegel et al., 2024). Despite the importance of cancer drugs, many challenges remain. Chemotherapy drugs are commonly used in clinical practice for various cancers, but face challenges like lack of specificity, short half-life, and multi-drug resistance (Gong et al., 2021; Mellman et al., 2011). Immunotherapy, including immune checkpoint inhibitors, is a significant advancement for cancer therapy, with 14 PD-1/PD-L1 antibodies approved globally in 2021 (Galon and Bruni, 2020; Yin et al., 2021; Poggio et al., 2019; Li et al., 2022; Upadhaya et al., 2021). However, these inhibitors cannot fully restore anti-tumor immunity, leading to potential resistance and treatment failure (Lesterhuis et al., 2011). With the development of nanotechnology, nanomaterials as drug carrier for cancer therapy may reduce the shortcomings above.
Nano-drug delivery systems, such as liposomes (Ren et al., 2016; Guimarães et al., 2021), polymeric nanoparticles (Bao et al., 2021; Ghosh and Biswas, 2021), dendrimers (Lim et al., 2013; Tarach and Janaszewska, 2021), nanofibrous and scaffolds (Zhang X. et al., 2021; Han R. et al., 2023), carbon nanoparticles (Burnett et al., 2020; Sahu et al., 2020), mesoporous silicon (Nguyen et al., 2019; Xu et al., 2024), quantum dots (Dubertret et al., 2002; Liu et al., 2020), and metallic and magnetic particles (Ren et al., 2023; Attarilar et al., 2020), can deliver drugs to tumor cells and diseased regions via encapsulation, attachment, conjugation, or charge adsorption. Passive targeting leverages the enhanced permeability and retention (ERP) effect. While active targeting uses surface modifications like antibodies and aptamers to reduce toxicity in normal cells, increase half-life and solubility and anti-tumor effects of drugs. In addition to acting on tumor cells, nano-drug delivery systems can also target to tumor microenvironment and immune system to treat cancer (Cheng et al., 2021; Izci et al., 2021). Despite extensive research over the past 2 decades, few nano-drugs, like liposomes and certain nanoparticles, have reached clinical use (Bobo et al., 2016; Raj et al., 2021). Challenges include potential toxicity, immune responses, and differing effects in human organs compared to cell and animal models, complicating clinical translation (Tenchov et al., 2022). A safe and effective treatment platform is needed.
Unlike traditional nanoparticles, extracellular vesicles (EVs) are biogenic lipid bilayer particles with low immunogenicity and high biocompatibility, making them suitable for cancer therapy. EVs, including exosomes (about 30–150 nm in diameter), microvesicles (100 nm-1 μm) and apoptotic bodies (50 nm-5 μm), are rich in proteins, lipids, and cytoplasmic components, involved in various physiological and pathological processes (Yong et al., 2022; Doyle and Wang, 2019; Guo et al., 2024). Certain EVs, like those from immune cells, retain the functions of their parent cells and can work on tumor process directly (Shin et al., 2022; Hong et al., 2021). EVs as drug delivery systems can merge with recipient cell membranes, avoid lysosomal phagocytosis, and deliver drugs directly into the cytoplasm, enhancing drug efficiency (Gui et al., 2024; Herrmann et al., 2021). Additionally, EV-mediated drug delivery boosts anti-tumor immune responses (Yong et al., 2022; Tian et al., 2023), and is effective against multi-drug resistant tumors (Zhang H. et al., 2021), making it a promising tumor treatment strategy.
Exosomes, the smallest and most functional EVs, are particularly prominent in cancer therapy research (Yong et al., 2020). This review primarily focuses on exosomes among EVs. Notably, EV analogs reassembled with cell membranes share structural similarities with EVs and offer versatile drug delivery options, which are also discussed here. Further optimization is needed to enhance EV properties and applications, such as surface modification, vesicles fusion, and integration with other nano-systems. Leveraging the natural advantages of vesicles and the customizable nature of nanotechnology, engineered biogenic vesicles are advancing rapidly. The classification of EVs from various sources was detailed, along with methods for their production, purification, and drug loading for cancer therapy (Figure 1).
[image: Figure 1]FIGURE 1 | The introduction encompasses the origin, production, and construction of EVs as platforms for cancer therapy. EVs can be derived from various sources, including immune cells (A), tumor cells (B), plants (C), bovine milk (D), and bacteria (E). The main approaches for producing EVs involve cell culturing (F) and artificial synthesis (G), with further modifications (H) enhancing their efficacy. EVs purification techniques include centrifugation (I), filtration (J), size-exclusion chromatography (K), immunoaffinity (L), coprecipitation (M), and microfluidics (N). The incorporation of anti-cancer drugs into EVs can be achieved by active (O) or passive (P) loading, as well as fusion methods (Q).
2 EXTRACELLULAR VESICLES FROM DIFFERENT ORIGINS
Most cells, including immune cells, stem cells, tumor cells and somatic cells, are capable of secreting EVs, which are detectable in various body fluids such as blood, saliva, urine, and amniotic fluid. However, the limited availability of these body fluids poses challenges for large-scale production and scalability. Cell lines have been commercialized and present a viable option for mass production of EVs. Furthermore, plant-derived nanovesicles, milk-derived exosomes, and bacterial EVs have demonstrated potential in tumor treatment and are suitable for large-scale production. The primary sources and characteristics of EVs have been summed up here (Table 1).
TABLE 1 | EVs from different origins.
[image: Table 1]2.1 EVs from immune cells
Immune cell-derived EVs retain the parent cells ‘characteristics, exhibit immune properties, regulate immune responses, and can deliver drugs for tumor therapy. For instance, EVs from CD4+T cells can inhibit tumor growth through CD8+T cell activation (Shin et al., 2022). EVs from CD8+ T cells with PD-1 and TGF-β receptors can block PD-L1 on cancer cells, clear TGF-β from the immunosuppressive environment, and prevent cytotoxic T cell depletion. Granzyme B directly kills tumor cells and shows strong anti-tumor effects in mice with solid tumors (Hong et al., 2021). Exosomes from M1 macrophages can repolarize M2 tumor-associated macrophages to M1, enhancing the release of pro-inflammatory cytokines and anti-tumor immunity (Choo et al., 2018). EVs from natural killer (NK) cells induce tumor cell apoptosis via highly expressed cell death receptors, and can inhibit tumor cell proliferation by reducing phosphorylated extracellular signal-regulated kinase and phosphorylated protein kinase B (Aarsund et al., 2022; Matchett and Kornbluth, 2023).
Modified immune cells EVs can boost the anti-tumor effects. For example, exosomes from HEK293T cells with PH20 hyaluronidase degrade hyaluronic acid, improving Doxorubicin (Dox) penetration and CD8+ T cells infiltration, thus enhancing Dox’s anticancer activity (Hong et al., 2018). iRGD-modified dendric cell (DC) exosomes effectively deliver Dox to breast cancer (Tian et al., 2014). Dox-loaded macrophage vesicles modified with biotin and folate-conjugated DSPE-PEG also significantly improve Dox’s anti-tumor efficiency (Zhang et al., 2017). A study created hybrid vesicles by fusing platelet-derived, M1 macrophage-derived, and tumor cell-derived vesicles with high SIRP-α mutant expression. These vesicles could effectively accumulate in the wound site after melanoma surgery, block SIRP-α/CD47 interactions, boost macrophage response to cancer recurrence, enhance anti-tumor T cell immunity, and reduce side effects caused by systemic perfusion (Rao et al., 2020). Therefore, immune cell-derived EVs demonstrate good drug transport abilities and corresponding immune functions. However, the availability of immune cells is limited, and the isolation process is intricate. For instance, CD4+ T cells were obtained from blood and stimulated by IL2 (Shin et al., 2022), while NK3.3 cells were immortalized using lentivirus encoding to overcome growth arrest (Matchett and Kornbluth, 2023). Clinical trials involving DC-derived EVs demonstrated only modest therapeutic efficacy due to various complex factors (Cao et al., 2022). Future research can focus on more rational construction of immune cells and combination therapies.
2.2 EVs from tumor cells
Current research aims to enhance drug targeting to tumor cells using tumor extracellular vesicles (TEVs) or tumor cell membranes as nanocarriers (Jiao et al., 2022; Yong et al., 2019; Liu C. et al., 2019). TEVs resemble tumor cells and can be recognized and absorbed by them, aiding targeted molecule delivery. For instance, breast TEVs were electroporated to release the content and load triphenylphosphine-modified P53, eliminating the toxic side effects and hypersensitivity of undesirable tumor cell components and P53. These vesicles effectively targeted breast cancer cells with improved transmembrane infiltration and cell apoptosis (Jiao et al., 2022). A study explored breast TEVs loaded with miRNA and gold-iron oxide nanoparticles, which enhanced cell adhesion and uptake, allowing targeted tumor accumulation of drugs and contrast agents for cancer treatment and nuclear magnetic imaging (Bose et al., 2018). M2pep, a peptide targeting M2 macrophages, was modified on liver cancer cell membranes coated on PLGA nanoparticles with D-lactic acid. By leveraging the homing ability of tumor cell membranes, these engineered vesicles can deliver D-lactic acid to M2 macrophages, thereby converting them into the M1 phenotype within the tumor microenvironment. This transformation enhances the efficacy of anti-CD47 antibody treatment, resulting in improved long-term survival in mouse models of liver cancer (Han S. et al., 2023). In a separate study, vesicles derived from tumor cell membranes and loaded with methotrexate were administered to 11 patients with advanced lung cancer and malignant pleural effusion. The results demonstrate that these vesicles significantly inhibited the progression of malignant pleural effusion without inducing notable toxicity. The presence of tumor cells and CD163+ macrophages in malignant pleural effusion was significantly diminished. Concurrently, both CD8+ and CD4+ T cells were activated to secrete immune factors. These findings indicate that this system can effectively target malignant tumor cells and modulate the immune microenvironment, presenting a promising strategy for cancer therapy (Guo et al., 2019). However, TEVs play a crucial role in shaping the tumor microenvironment, thereby facilitating tumor progression. The proteins present on TEVs have the potential to induce biological toxicity. These risks warrant significant attention. Therefore, a judicious selection of parental cells and delivery systems is imperative to maximize therapeutic efficacy while minimizing the promotion of cancer (Xu et al., 2022).
2.3 EVs from plant
Plant nanovesicles (PNVs), secreted by plant cells, are derived from a diverse range of sources. PNVs, characterized by their rich bioactive substances, excellent biocompatibility and stability, high permeability, and low immunogenicity and toxicity, represent an ideal natural green drug delivery platform (Cao et al., 2023). Xiao and colleagues were the first to identify natural exosome-like nanomaterials derived from tea leaves, which are rich in proteins, lipids, and bioactive small molecules. These tea-derived nanomaterials exhibit the capability to specifically target macrophages and enhance the secretion of anti-inflammatory factors by these cells, thereby providing a therapeutic effect against colon cancer with minimal side effects (Zu et al., 2021). Furthermore, this team discovered that fresh tea contains exosome-like nanovesicles abundant in pharmacologically active molecules, including lipids, proteins, catechins, and flavonoids. The nanovesicles were internalized by tumor cells, thereby stimulating the production of intracellular reactive oxygen and inducing cell apoptosis. Whether they were administered intravenously or orally, these vesicles demonstrated efficacy in controlling the proliferation of breast cancer cells (Chen et al., 2023). Furthermore, vesicles derived from grapefruit, ginger, or purple cabbage have been utilized to transport Dox and nucleic acid microRNA (miRNA) for tumor treatment (Zhuang et al., 2016; Zhang et al., 2016; You et al., 2021).
The vesicles derived from Chinese medicine have garnered significant research interest due to their pharmacological effects. Peng et al. were the first to isolate exosome-like nanovesicles from Brucea javanica, a traditional Chinese medicine. Their study found that these nanovesicles were capable of efficiently delivering 10 functional miRNAs to tumor cells, thereby inducing tumor cell apoptosis through the PI3K/Akt/mTOR signaling pathway and ROS/Caspase mechanisms. This process ultimately inhibited the growth, metastasis and angiogenesis of breast cancer (Yan et al., 2024). Cao’s research involved the intraperitoneal injection of nanoparticles derived from Ginseng into animal models, aiming to regulate myeloid differentiation factor 88 (MyD88) and Toll-like receptors-4 (TLR4) mediated signal transduction, and significantly inhibit melanoma growth (Cao et al., 2019). Subsequent research has demonstrated that Ginseng-derived exosome-like nanoparticles potentiate the anti-tumor efficacy of PD-1 monoclonal antibodies by activating tumor-infiltrating T lymphocytes. This mechanism presents a straightforward approach to modulating the cold tumor microenvironment and augmenting PD-1 monoclonal antibody-based immunotherapy (Han et al., 2022). The consensus statement on research and application of Chinese herbal medicine-derived extracellular vesicles (2023 edition) has articulated 13 consensus opinions, offering a valuable reference for the development of Chinese herbal vesicles. This statement underscores the extensive research efforts and significant potential of these vesicles in disease treatment (Zhao et al., 2023). In conclusion, PNVs, characterized by their strong expanded production capacity and minimal immunogenicity, represent a promising platform for tumor therapy. However, for clinical application, precise extraction and purification methodologies must be established. Additionally, the mechanism and clinical efficacy of PNVs warrant thorough investigation. Further clinical trials are imperative to validate their therapeutic potential.
2.4 EVs from animal
EVs derived from animals are predominantly focus on milk-derived exosomes (MEs). Bovine milk, which is abundant in EVs, readily accessible, and safe for use, represents a significant source of EVs (Ngu et al., 2022). In a study conducted by Chen Ying et al., MEs were employed as delivery vehicles and were further modified with the M2 macrophage-binding peptide M2pep and the anti-EGFR antibody 7D12. This engineered system demonstrated the capability to specifically deliver siPD-L1 to M2 tumor-associated macrophage (TAM), thereby inhibiting PD-L1 expression, restoring CD8+T cell activity, reconfiguring the immunosuppressive tumor microenvironment, and exerting anticancer effects (Chen et al., 2024). MEs encapsulating anthocyanidins were administered orally and showed the ability to target colon cancer, resulting in a reduction in the number of colon tumors in a mouse model (Mudd et al., 2020). In comparison to control groups, paclitaxel-loaded bovine MEs reduced cancer growth by 60% when administered orally to a mouse model. This delivery system addressed the limitations of paclitaxel, including poor solubility, and mitigated hepatic, renal and systemic toxicity (Agrawal et al., 2017). Additionally, MEs were employed to deliver exogenous hsa-miR148a-3p to HepG2 and Caco-2 cancer cells, exerting a biological effect by modulating gene expression (Del Pozo-Acebo et al., 2021). The pharmaceutical industry has acknowledged and licensed the use of MEs for the delivery of RNA therapeutics to brain tumors (Ngu et al., 2022). MEs represent a cost-effective vesicle-based drug delivery platform and serve as a viable alternative to oral drug administration. However, it is important to note that MEs may pose potential health risks due to the presence of miRNAs, which have been associated with conditions such as type 2 diabetes and obesity. Additionally, certain proteins within MEs may act as allergens, thereby raising biosafety concerns (Zhong et al., 2023). Consequently, rigorous purification protocols are essential for the safe application of MEs.
2.5 EVs from bacteria
Bacterial extracellular vesicles (BEVs), derived from Gram-positive bacteria or Gram-negative bacteria, have emerged as an emerging platform for tumor treatment. These vesicles encompass a variety of components, such as proteins, lipids, lipoproteins, DNA, and RNA (Xie et al., 2023). Outer membrane vesicles (OMVs) derived from photosynthetic bacteria are enriched with bioactive constituents of the parent cells. OMVs have the ability to polarize macrophages, activate dendritic cells, enhance antigen presentation, and exhibit significant antitumor activity in tumor models (Xiao et al., 2024). Engineered BEVs can be designed for the development of antibacterial and anticancer vaccines. For instance, a manganese peroxide interface was applied to encapsulate vesicles derived from tumor-symbiotic bacteria. Upon uptake by DC cells, the intracellular lysosome degraded the manganese oxide shell. The released bacterial vesicles subsequently activated humoral immunity by promoting the release of immunoglobulin G (IgG) from B cells, thereby effectively inhibiting the proliferation of tumor-symbiotic bacteria. Simultaneously, manganese ions activated the cGAS-STING pathway, facilitating the maturation of DC cells. This process enabled DC cells to present specific antigens to T cells, thereby enhancing the immune response (Zhang et al., 2024). Genetically engineered bacterial protoplast nanovesicles, produced through extrusion, had potential applications in gene delivery for tumor treatment. These vesicles encapsulated gene-edited ribonucleoprotein (RNP) capable of targeting Pik3cg, thereby promoting the polarization of macrophages towards the M1 phenotype. The bacterial DNA within the vesicles could activate macrophage Toll-like receptor 9 (TLR9), sustaining the proinflammatory state of the macrophages. Additionally, vesicles modified with polyethylene glycol (PEG)-galactosamine could specifically target tumor-associated macrophages, facilitating anti-tumor immunization (Zhao et al., 2024). Rich in bacterial antigens, these vesicles also serve as potent vaccine adjutants, enhancing the immune response. For instance, bacteria-derived vesicles containing the STING agonist cyclic GMP-AMP (cGAMP) were conjugated to denucleated melanoma cells via a click chemistry reaction to generate a live tumor cell vaccine. This vaccine effectively activated the STING pathway, promoted the maturation and activation of DC cells, and polarized M1 macrophages, thereby significantly inhibiting melanoma progression. Furthermore, this vaccine had the potential to enhance the tumor immune microenvironment by facilitating the infiltration of immune cells and promoting the proliferation and activation of tumor-specific T cells, thereby substantially improving the therapeutic efficacy of PD-1 antibody treatment (Fang et al., 2024).
The aforementioned findings suggest that BEVs possess potential therapeutic applications in cancer treatment. However, it is important to note that not all BEVs are suitable candidates for tumor therapy. For instance, EVs derived from methicillin-resistant Staphylococcus aureus (MRSA) have been shown to stimulate the production of Th-2-ralated cytokines, resulting in anaphylactic shock in murine models. This indicates that such BEVs can elicit IgE-mediated systemic hypersensitivity reactions (Asano et al., 2021). OEVs secreted by Pseudomonas aeruginosa and Escherichia coli have been shown to non-specifically reduce mitochondrial membrane potential, thereby inducing apoptosis and inflammation through the activation of B cell lymphoma 2 (BCL-2)-associated x protein (BAX) and BCL-2 antagonist killer (BAK) proteins and the downregulation of the pro-survival protein BCL-2 (Deo et al., 2020). The biosecurity implications of BEVs remain inadequately understood and warrant further investigation.
3 PRODUCTION OF EXTRACELLULAR VESICLES
EVs can be isolated from cell culture supernatants or various biological fluids. However, the endogenous production of EVs presents several challenges, such as the limited yield of vesicles secreted by cells within a short time, the absence of standard preparation protocols, and the potential contamination with proteins. Additionally, EVs isolated using different methodologies exhibit heterogeneous characteristics and functional properties, complicating their large-scale production and clinical application. Moreover, the targeted efficiency of EVs towards tumor cells remains suboptimal (Du et al., 2022). Due to the precision and controllability inherent in the production process and the final product, it is anticipated that EV analogs will address these challenges. However, it is crucial to consider the toxicity associated with the residues of synthetic materials during the preparation process (Liang et al., 2021). The subsequent sections will discuss the production of EVs, EV analogs, and their further modifications in detail.
3.1 EVs production
The predominant approach involves the collection of EVs secreted by cells in the culture medium (Figure 2A). Initially, serum is subjected to ultracentrifugation at 100,000 g for several hours to eliminate existing vesicles. Subsequently, cells are cultured in a complete medium supplemented with vesicle-depleted serum. The culture medium is then harvested for the subsequent isolation of released EVs. However, EVs obtained through this method exhibit low yield and purity, along with a biased size distribution (Piffoux et al., 2017; Wang et al., 2022). The release of EVs can be augmented by external stimuli, including biological (starvation, hypoxia, or cytokine activation), chemical (cytochalasin B), and physical triggers (mechanical stress) (Piffoux et al., 2019). For instance, starvation has been shown to induce cell stress and subsequent EVs release. So, EVs can be produced from cells after culturing in serum-free basic medium. This production method is relatively efficient, yielding EVs of small size, high purity, and substantial quantity (Stolk and Seifert, 2015; Debbi et al., 2022). Additionally, a microfluidic device has been developed to apply mechanical stress to cells, thereby enhancing EV release. In this process, cells were suspended in a buffer and extruded at 4°C through fabricated microchannels using a syringe. EVs could then be harvested from the extrusion medium. While this method facilitates rapid EV production within hours, it is also destructive to cells, resulting in a high number of debris and apoptotic bodies (Piffoux et al., 2017). Rui Hao et al. have developed a microfluidic device featuring a series of narrow squeezing ridges. Mesenchymal stem cells traversed the channel rapidly and secreted small EVs in response to mechanical stimulation. This device has the potential to enhance EV secretion by approximately 4-fold (Hao et al., 2023).
[image: Figure 2]FIGURE 2 | The main production methods of EVs include: (A) secretion by cells under natural conditions or through external induction; (B) assembled by the cell membrane; and (C) targeted vesicle production through the fusion of EVs with functional liposomes, surface modification with various ligands, or magnetic guidance using SPIONs.
3.2 EV analogs production
The lack of standardized methods for EVs production represents a significant barrier to their broader application. The inherent heterogeneity and complex composition of EVs further contribute to potential safety concerns. EVs produced through artificial synthesis offer high yield and uniform size, devoid of unwanted components, thereby garnering increasing attention (Liu Y. et al., 2019). EVs analogs, constructed using cell-derived plasma membrane fragments, can substantially enhance yield and reduce production time while maintaining a relatively uniform size (Figure 2B). The protein composition of these EV analogs more closely resembles that of the source cell compared to natural EVs. A top-down strategy has been employed to generate EV analogs (Raza et al., 2021). This process involves the initial removal of unwanted components from the cell culture medium or plasma via centrifugation, followed by the mechanical or chemical destruction of cells to isolate the cell membrane and other organelles. Finally, the cell membrane is obtained through differential or gradient centrifugation. The size of the cell membrane is ascertained using porous polycarbonate membranes. Typically, cells are sequentially passed through membrane filters with varying pore sizes. Besides, the cell membrane can be extracted through a series of steps, including hypoosmotic treatment, homogenization, ultrasonic treatment, freeze-thaw cycles, filtration, and polyethylene glycol treatment. Subsequently, EV analogs are prepared, resulting in a 50–100-fold increase in yield and a significant reduction in production cost (Rayamajhi et al., 2019).
3.3 Modification of EVs
The limited targeting ability of EVs, particularly exosomes, constrains their application. Further modifications can enhance the efficacy of these vesicles (Figure 2C). By fusing EVs with synthetic liposomes, hybrid EV analogs can be generated to accommodate a broader range of applications (Du et al., 2022). For example, isolated small cell vesicles were added into the aqueous phase to hydrate the phospholipid membrane. Subsequently, the fused exosomes were prepared through extrusion, which combined the multiple advantages of endogenous cell vesicles with the ease of liposome surface modification (Wen et al., 2022). EVs derived from macrophages and cRGD particles were incubated to produce cRGD-modified EVs. In this context, macrophage-derived EVs inherit the tumor-targeting capabilities of macrophages, while cRGD also contribute to tumor cell targeting, thereby achieving a dual-targeting effect (Huang et al., 2022).
Furthermore, the integration of magnetic materials with EVs can augment their targeting efficacy. Superparamagnetic iron oxide nanoparticles (SPIONs) with magnetic navigation can be loaded into EVs through various techniques, such as electroporation, natural incubation, cell extrusion, or post-modification bonding with ligands (Zhuo et al., 2021). EVs loaded with SPIONs and therapeutic agents such as Dox or tumor necrosis factor-alpha (TNF-α) have demonstrated improved targeting and tumor inhibition when subjected to applied magnetic fields (Qi et al., 2016; Zhuang et al., 2020). Additionally, SPION-loaded exosomes can serve as agents for magnetic hyperthermia therapy (MHT), facilitating tumor cell eradication, and as contrast agents for tumor magnetic resonance imaging (MRI) diagnostics (Altanerova et al., 2017).
In addition to preserving source cell proteins during preparation for targeted delivery via protein-protein interactions, surface modification of EVs with targeting moieties can enhance recognition-mediated targeting. Surface targeting modification can be realized by genetic engineering or chemical modification. For the former, plasmids were engineered to encode homing peptides or ligands fused with transmembrane proteins. Subsequently, donor cells transfected with these plasmids were capable of secreting engineered vesicles that displayed targeted groups on their surfaces (Zhu et al., 2022; Chiang et al., 2023). The fusion of the αγ integrin-specific iRGD with LAMP-2B enabled exosomes to deliver Dox to integrin-positive breast cancer cells (Jia et al., 2018). GE11(YHWYGYTPQNVI) was genetically fused to the transmembrane protein platelet-derived growth factor receptor (PDGFR), resulting in the production of GE11 exosome, which exhibited high affinity for EGFR-overexpressing cancer cells (Ohno et al., 2013). Chemical modification is another way to achieving targeted functionality in vesicles. In this context, proteins present on the vesicle surface serve as anchors for attaching chemical groups and targeted molecules. For instance, an alkyne group was conjugated to a protein on the exosome membrane via an EDC-NHS condensation reaction. Subsequently, an RGE-peptide containing an azido group was linked to the alkyne group through triazole linkages. These glioma-targeted exosomes were capable of crossing the blood-brain barrier and inhibiting glioma progression (Jia et al., 2018). In addition, surface modification can be accomplished by synthesizing amphiphilic molecules with specific targeting groups and incorporating them into vesicles. For example, aminoethyl anisamide (AA) linked DSPE-PEG was conjugated to the exosome membrane, resulting in enhanced paclitaxel (PTX) uptake in lung cancer cells (Kim et al., 2018).
4 PURIFICATION OF EXTRACELLULAR VESICLES
The commonly employed methods for separation and purification encompass centrifugation, filtration, chromatography, polymer coprecipitation, and microfluidic technology, among others (Piffoux et al., 2017; Zhu et al., 2020). Large vesicles can be obtained through conventional centrifugal operations. Exosomes, due to their minimal size, necessitate specialized purification techniques, such as ultracentrifugation and polymer coprecipitation. Various separation methods have been categorized based on distinct separation principles (Table 2).
TABLE 2 | EVs separation methods.
[image: Table 2]4.1 Separation according to density
Differential centrifugation is performed under varying centrifugal forces, leveraging the differential densities of EVs in the sample. The samples are derived from a diverse array of sources, including cell supernatant, serum, saliva, urine, and cerebrospinal fluid, among others (Yang et al., 2020). The liquid samples undergo a series of centrifugation steps: initially at 300 g for 10 min to eliminate dead cells, subsequently at 2,000 g for 10 min to remove cell debris, followed by centrifugation at 10,000 g for 30 min to exclude large vesicles, and finally at 120,000 g for 90 min to isolate small EVs (Zhu et al., 2022). Johnstone pioneered the use of ultracentrifugation (UC) for the extraction of exosomes from reticulocyte culture medium (Johnstone, 1992). Currently, this technique is wildly regarded as the “gold standard” for exosome isolation. The dead cells, cell fragments, and large vesicles were initially re-moved via low-speed centrifugation. Subsequently, exosomes were isolated through UC at 100,000 g. This method is well-established and does not require the addition of supplementary separation reagents. However, it has several limitations, including low specificity, poor reproducibility, the aggregation and fragmentation of exosomes, increased contamination with soluble protein impurities, and high costs associated with the use of expensive equipment (Gardiner et al., 2016; Konoshenko et al., 2018).
Density gradient centrifugation isolates exosomes based on differences in particle size and density. Typically, sucrose is employed as the medium to establish a density gradient layer that progressively increases from the upper to the lower strata. When subjected to centrifugal force, exosomes are ultimately distributed within a density range of 1.10–1.18 g/mL. The exosomes obtained through this method are largely devoid of extraneous proteins. However, the equipment required for this process is costly, and prolonged centrifugation can compromise the structural integrity of the exosomes, rendering it un-suitable for processing large sample volumes (Zhu et al., 2020; Onódi et al., 2018).
4.2 Separation according to sizes
Filtration separation techniques are predicated on particle size differentiation. For example, ultrafiltration is achieved by obstructing particles larger than 200 nm in diameter from passing through the membrane pores, while allowing smaller vesicles, typically less than 20 nm in diameter, to permeate. This process can be expedited through pressurization or brief periods of low-speed centrifugation. The selection of vesicles of specific sizes is facilitated by the diameter of the membrane pores, often serving as an auxiliary step in ultrafast centrifugation methods. However, the membrane pores are prone to blockage, and exosomes are susceptible to damage during the process (Xiang et al., 2021). The tangential flow filtration (TFF) method alters the flow direction of the liquid from perpendicular to parallel relative to the filter membrane. This adjustment mitigates exosome damage, reduces membrane pore clogging, and extends the service life of the filter membrane. Consequently, TFF is suitable for the industrial preparation of vesicles (McNamara et al., 2018).
Size-exclusion chromatography (SEC) is employed based on differential particle sizes. During SEC, vesicles traverse the separation matrix and are eluted using phosphate-buffered saline (PBS). Larger particles or molecules, unable to penetrate the separation matrix, are rapidly and directly eluted. Small volume particles may infiltrate the matrix, resulting in prolonged retention times and delayed elution. EVs are collected at various elution times. Commonly utilized substrates include Sephadex, Sepharose, and Sephacryl. The process is gravity-driven, ensuring the integrity of the exosomes and yielding a high-purity product however, the eluent exhibits a dilutive effect (Xu et al., 2016; Guo et al., 2021).
4.3 Separation based on immunoaffinity
Immunoaffinity chromatography leverages specific antigens present on the vesicle surface. Exosomes are isolated through solid-phase antibody adsorption, a method that holds potential for disease diagnosis. Typically, exosome surface biomarkers, such as the four-transmembrane protein superfamily, are employed as ligands in this process. Anti-bodies can be adsorbed onto magnetic beads, porous silica monoliths, or membrane affinity filters. Exosomes can be isolated through the specific binding of their surface proteins to a solid phase during the passage of the solution. For instance, exosomes can be extract-ed by targeting the exosome surface protein CD81 with antibodies or by utilizing the interaction between the Tim4 protein immobilized on magnetic beads and phosphatidyl-serine (PS) on the exosome surface. This method achieves high extraction efficiency within a short duration. However, the potential impact on the biological function of the extracted exosomes warrants further investigation (Park et al., 2021; Zhang et al., 2018).
4.4 Polymer coprecipitation method
The polymer coprecipitation method employs PEG as the separation medium. In this separation process, PEG interacts with the water molecules on the exosome surface, thereby reducing their solubility and facilitating sedimentation separation. Initially, the sample to be separated is incubated with PEG (the molecular weight is 8,000Da) at 4°C for a duration of 8–16 h. Subsequently, exosomes are isolated through low-speed centrifugation. At present, the associated kits are user-friendly and exhibit a high acquisition rate, making them suitable for large-scale exosome extraction. However, it is important to note that PEG not only precipitates exosomes but also co-precipitates hydrophilic nucleic acids, lipoproteins, and other components, resulting in lower purity (Yang et al., 2020; Martínez-Greene et al., 2021).
4.5 Separation by microfluidics
Microfluidics offers significant potential for the separation and real-time detection of EVs due to its inherent advantages, including low sample consumption, rapid reaction times, and precise fluid control. The primary methods employed in the context are based on immune affinity capture and size separation, and also encompass techniques such as membrane filtration, on-chip microstructures, the application of acoustic or electric fields, and the utilization of viscoelastic flow characteristics (Salaf et al., 2016; Yang et al., 2017). Despite these advancements, there remains considerable scope for enhancing the degree of automation and reducing processing time. Hongju Mao et al. Have introduced an EVs processing platform based on digital microfluidic technology, achieving a capture efficiency of 77% within 20 min (Tong et al., 2024). The ExoTIC device demonstrates superior efficacy in isolating exosomes from bodily samples compared to PEG precipitation and UC (Lin et al., 2020). Utilizing a viscoelastic-based microfluidic platform, small cell vesicles could be isolated from whole blood without the need for labels, achieving purity and recovery rates of 97% and 87%, respectively (Meng Y. et al., 2023). Additionally, a dean-flow-coupled elasto-inertial microfluidic chip has been developed to purify exosomes from cell culture medium and human serum, yielding a 70.6% recovery rate and a 91.4% protein removal rate (Bai et al., 2023).
5 DRUG LOADING FOR CANCER THERAPY
The therapeutic application of EVs in drug delivery systems encompasses both direct and indirect effects in tumor treatment. Given that EVs are derived from their parent cells, they retain the functional properties of these cells and can exert direct anti-tumor effects. Besides, the release of encapsulated drugs, which can play a direct anti-tumor effect. Indirect effects involve the modulation of tumor gene expression or regulation of the systemic immune response by EVs. Strategies for incorporating anti-cancer drugs into EVs can be classified into active or passive methods (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Anti-cancer drugs can be encapsulated into EVs through various methods. (A) active loading leverages the cell’s biological activity to carry small molecules, such as PTX, Dox and 5FU; (B) passive loading involves techniques such as incubation, extrusion, ultrasound, or electroporation to incorporate small molecules, proteins, or miRNA; (C) the fusion method combines the advantages of nanoparticles and EVs.
The active method involves extracting EVs from the medium following the incubation of drugs with cells. For example, EVs derived from the conditioned medium of SR4987 cells incubated with PTX have shown promising efficacy against tumor cells (Pascucci et al., 2014). However, this method is generally inefficient and time-consuming. To enhance the method, cells incubated with drugs can be mechanically squeezed to obtain drug-carrying EVs. Such as, exosome-like vesicles loaded with drugs were produced by continuously squeezing mononuclear cells/macrophages together with Dox, 5-fluorouracil (5FU), gecitabine, and carboplatin, which demonstrated the ability to reduce tumor growth without significant adverse reactions in vivo (Jang et al., 2013). The active method is suitable for loading small molecules or proteins.
Passive drug packaging into EVs is achieved through incubation, extrusion, ultrasound, or electroporation after vesicle acquisition (Xie et al., 2020). This approach can be employed to deliver chemotherapy drugs, nucleic acids, proteins, and other anti-tumor agents. For instance, after incubating syncretic vesicles with Dox, drug-carrying vesicles were prepared sequentially by vortex mixing, ultrasound treatment, and extrusion through 200 nm polycarbonate membranes. This process enhances the tumor cytotoxicity of Dox (Wen et al., 2022). Besides, vesicles containing two drugs were prepared through 200 nm polycarbonate membranes, along with macrophage cell membrane, methyltransferase-like 14 (METTL14), and the toll-like receptor 4 agonist RS09. These vesicles were employed to inhibit osteosarcoma and macrophage polarization (Huang et al., 2022). Most miRNAs can be encapsulated into EVs via electroporation. For instance, EVs and miRNAs could be mixed and subjected to electroporation with a 20 ms pulse at varying voltages and pulse numbers. The mixture was then incubated for a specified period, and the miRNA-loaded EVs were subsequently obtained by ultracentrifugation. However, this method may compromise the structural integrity of the drugs and the vesicles (Pomatto et al., 2019; Taghikhani et al., 2019). Small molecule drugs, such as Dox or curcumin, can also be encapsulated within EVs via electroporation (Zhu et al., 2022; Li et al., 2020; Wang et al., 2020).
Additionally, drug loading can be accomplished vis fusion method (Figure 3C). Fusion EVs integrate the benefits of synthetic nanoparticles and multiple EVs, offering a safer and more efficacious drug delivery system. The encapsulation of synthetic nanoparticles within EV membranes can shield the drugs from immune clearance and facilitate intra-cellular drug release (Liu C. et al., 2019; Cheng et al., 2018). Zhang et al. (2019) Engineered a bionic chimeric vesicle-based drug delivery system by integrating cell membrane proteins from red blood cells and breast cancer cells with Dox-containing liposomes. This system demonstrated the potential to enhance drug concentration at tumor sites, reduce hepatic retention, and improve therapeutic efficacy against cancer. Similarly, Yong et al. utilized tumor cell-EVs to coat Dox-containing porous silicon nanoparticles, resulting in drug carriers with high tumor accumulation and permeability. This approach exhibited enhanced anti-tumor activity and efficacy in eradicating cancer stem cells across various cancer models (Yong et al., 2019). The results indicate that utilizing engineered EVs for the delivery of anti-cancer drugs offers numerous advantages, including enhanced homologous targeting capabilities, diminished uptake by mononuclear and macrophage cells, and favorable therapeutic outcomes in primary, metastatic, and drug-resistant cancers. Fusion methods exhibit attributes such as mass production, convenient preparation, and a controllable manufacturing process, showing the significant potential of fusion vesicles for clinical applications as substitutes for natural EVs (Zhang X. et al., 2021).
6 FUTURE PROSPECTS AND CONCLUSION
Endogenous EVs possess the capability to evade recognition by the mononuclear phagocyte system, thereby reducing the immunogenicity of therapeutic agents, overcoming biological barriers, enhancing drug accumulation at tumor sites, minimizing adverse effects, activating anti-tumor immune responses, and ultimately improving anti-tumor efficacy. Consequently, EV-based drug delivery systems represent promising strategies for tumor treatment (Table 3). Therein, the primary advantage of PNVs as an emerging modality for cancer treatment lies in their inherent non-toxicity. Examples include plant exosomes loaded with curcumin (NCT01294072) and grape exosomes used in conjunction with chemoradiation (NCT01668849). Additionally, PNVs exhibit greater production capacity compared to other EVs, rendering them a safer and more cost-effective therapeutic option. Nonetheless, the clinical translation and application of EV-based cancer therapies remain in nascent stages.
TABLE 3 | Ongoing clinical trials of EV-based cancer therapeutics at www.clinicaltrials.gov.
[image: Table 3]Current EV extraction technologies predominantly rely on principles of volume and density differentiation, which are primarily utilized in pre-clinical basic research. The transition from scientific experimentation to the commercialization of EVs necessitates careful consideration of cell culture, EV extraction, and purification processes. Bioreactor technology and perfusion culture methods are pivotal for achieving large-scale production. Investigating the impact of optimal culture conditions, including growth factors, oxygen concentration, and other stimuli, is essential for enhancing production efficiency. Furthermore, the clinical application of EVs demands rigorous assessment of their reproducibility, scalability, stability, and performance in allogeneic environments. It is also important to note that different extraction methods may yield varying therapeutic effects. Therefore, establishing a standardized protocol for the extraction and purification of EVs specific to a given disease is of paramount importance. Minimum Information for Studies of Extracellular Vesicles (MISEV) 2023 guidelines offer comprehensive information pertinent to EV research (Welsh et al., 2024). Scholars have deliberated on the latest advancements in rapid EV separation technologies and the integration of multiple separation methodologies. When extracting EVs from diverse sample types, several critical factors must be considered, including the specific source of the sample, the subpopulation of EVs, the desired yield, and the downstream analytical methods to be employed. Currently, no single method exists that is universally applicable for the analysis of all sample types and purposes. To enhance the quantification of EV purity, the accuracy of purity characterization can be improved through the utilization of orthogonal methods and the application of specific ratios, such as the protein-to-lipid ratio, protein-to-particle ratio, or RNA-to-particle ratio. Despite advancements toward the standardization of extraction technologies, challenges remain in establishing comprehensive standards for EV collection and separation, unifying identification criteria, and standardizing the product preparation processes. These issues necessitate further clarification and resolution in future research.
Another significant concern regarding EVs is their targeting efficacy towards tumor cells. Wilhelm and colleagues conducted an extensive meta-analysis of various nanomaterials (NMs), revealing that the targeting efficiency of NMs to solid tumors is markedly limited, with an average of only 0.7% of the injected dose reaching the tumor site (Wilhelm et al., 2016). For antibody-modified NMs, the targeting efficacy was notably low, with only 2% of cancer cells being affected by the drugs. This limited efficacy is attributed to the entrapment of NMs in the extracellular matrix or their sequestration by tumor-associated macrophages (Dai et al., 2018). How about the targeting efficiency of EVs and EV analogs to tumors in vivo? It is still an area requiring extensive and thorough investigation. Effective surface modification is essential for achieving precision and controllability in the targeted therapy of EVs. Additionally, a comprehensive consideration of factors such as circulation time, tumor penetration, cellular internalization, and drug release is necessary, as these factors are interdependent and may influence one another. The progress and application of synthetic biotechnology enable the customized design and synthesis of engineered vesicles, thereby allowing precise control over their properties and enhancing their therapeutic performance.
The Food and Drug Administration (FDA) has reported serious adverse effects experienced by patients following the use of drugs containing exosomes, indicating significant safety concerns for the application of EV-based therapeutics (Herrmann et al., 2021). Consequently, several production challenges of EVs must be addressed, including the establishment of a stable source, the development of standardized production processes, and the implementation of reliable quality control measures. Furthermore, additional preclinical and clinical studies are necessary to bridge the gap between the ideal and the actual application of EVs. These studies cover factors such as the administration routes and dosages of EVs for various tumors and patient populations, long-term safety, and the risk-benefit ratio in comparison to liposome-based alternatives. The entire process of EV production, characterization, efficacy, and safety must be reported transparently to foster a positive developmental environment. Despite numerous challenges, the significant advantages of biogenic vesicles, coupled with the collaborative efforts of researchers worldwide, position EV-based drug delivery platforms to realize substantial potential in cancer treatment.
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