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Extracellular vesicles (EVs), natural membrane-bound structures released by cells, offer a promising platform for precise and targeted delivery of therapeutic payloads, including drugs and nanoparticles. This comprehensive review explores the integration of engineered nanomaterials with EVs to advance drug delivery systems. It covers various aspects of this integration, including techniques for synthesizing, loading, characterizing, and applying nanomaterials within EVs. Methodologies for integrating diverse nanocarriers like nanoparticles, liposomes, and quantum dots into EVs are discussed, along with characterization methods such as electron microscopy and light scattering. Attention is also given to considerations of biological compatibility, safety assessments, and strategies for surface modification to enhance targeting precision. Highlighting various applications, including targeted drug delivery, cancer therapy, and vaccine development, the review underscores the potential of EV-nanomaterial hybrids to leverage EVs’ innate targeting capabilities and the versatility of nanomaterials. However, it also addresses challenges such as scalability, standardization, and safety that must be overcome to facilitate the clinical translation of these promising biomedical solutions.
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1 INTRODUCTION
Extracellular vesicles (EVs) are gaining considerable attention in advanced biomedical applications due to their pivotal role in intercellular communication. EVs are naturally occurring nanoscale vesicles, secreted by various cell types and provide a unique platform for transporting bioactive cargo, such as proteins, nucleic acids, and lipids, across biological barriers (Song et al., 2022). However, realizing the full therapeutic potential of EVs presents challenges like limited cargo capacity, rapid clearance from circulation, and difficulties in achieving targeted delivery. This is where nanomaterials come into play a versatile class of engineered nanoparticles and structures at the nanoscale, designed with specific properties and functions (Xu M. et al., 2023). Integrating nanomaterials with EVs forms a synergistic partnership that offers promising solutions to these challenges, unlocking advanced possibilities in biomedical applications (Tian et al., 2022).
Understanding the fundamental characteristics of nanomaterials and EVs are essential before exploring their synergistic integration. An EV is a membrane-bound structure released by a cell, such as an exosome, nanovesicles, or apoptotic bodies. Physiological processes rely on them for transporting biologically active molecules (Zinger et al., 2020). Furthermore to the endosomal sorting complex required for transport (ESCRT) machinery, lipid rafts, and protein sorting pathways play a significant role in their formation and cargo loading (Rani et al., 2023). Meanwhile, nanomaterials have different physical and chemical properties, including nanoparticles, liposomes, and polymers. Size, shape, surface chemistry, and cargo-loading capacity can all be precisely controlled using top-down and bottom-up manufacturing methods (Gong et al., 2023). The integration of nanomaterials with EVs addresses the challenge of enhancing their cargo capacity. The increased cargo capacity of EVs is one of the key advantages of this integration (Liu C. et al., 2022). A more substantial cargo of drugs, nucleic acids, or imaging agents can be delivered to target cells or tissues using EVs loaded with nanomaterials that contain therapeutic agents. As cancer therapy requires high drug doses, systemic toxicity is often a concern, which makes this feature particularly valuable. Integration of EVs and nanomaterials can be used to enhance drug delivery efficiency while minimizing off-target effects (Zhang et al., 2021).
Additionally, the incorporation of nanomaterials into EVs enhances the vesicles’ stability. The EVs may be degraded by enzymes or cleared by the immune system if administered directly. By extending the circulation time of EVs and ensuring a more sustained therapeutic effect, nanomaterials can protect them against external factors (Manandhar et al., 2022). Furthermore, nanomaterials can be customized with targeting ligands to enable precise site-specific delivery. This active targeting capability addresses the challenge of achieving precision medicine by directing therapeutic cargo exclusively to the intended cells or tissues while sparing healthy ones. This develops particularly significant in the context of diseases like cancer, where the precise delivery of drugs to tumor sites is crucial (Luo et al., 2020). Besides, nanomaterials combined with EVs present novel opportunities for regenerative medicine. A substantial amount of attention has been paid to EVs derived from stem cells because of their regenerative potential. It is possible to engineer these EVs to repair and regenerate tissues by combining them with nanomaterials. The nanomaterials not only offer structural support but can also be designed to mimic the extracellular matrix, facilitating cell adhesion and tissue regeneration. This approach holds promise in various applications, such as repairing damaged cardiac tissue, addressing neural injuries, and treating musculoskeletal disorders (Beetler et al., 2023).
In this review, we explore the transformative synergy between nanomaterials and EVs, including implications for diagnostics, drug delivery, and regenerative medicine. EVs, once overlooked, have now come to the forefront as crucial mediators of intercellular communication, proficient in transporting biomolecules across biological barriers. Nanomaterials, engineered on the nanoscale, effectively address the limitations of EVs, enhancing their cargo capacity, stability, and targeted delivery capabilities. This comprehensive review navigates through various sources of EVs, elucidates their biogenesis, and outlines the regulatory mechanisms involved. Subsequently, it explores the multifaceted advantages and innovative strategies associated with the integration of nanomaterials and EVs, unveiling advanced biomedical applications. Therefore, this review aims to provide a comprehensive analysis of the synergistic potential between extracellular vesicles and nanomaterials for advanced biomedical applications.
In this review, we conducted a systematic literature search across PubMed, Scopus, Web of Science, and Google Scholar to identify studies on integrating extracellular vesicles with nanomaterials for targeted drug delivery and biomedical applications. Using keywords like “extracellular vesicles,” “nanomaterials,” and “targeted therapy,” we included peer-reviewed articles in English published within the last decade, prioritizing those that directly addressed EV-nanomaterial hybrids in therapeutic or diagnostic applications. Studies were selected based on relevance, methodological quality, and robustness of findings, with exclusions applied to non-medical uses, opinion pieces, and theoretical-only models. This approach ensures a focused and comprehensive review of recent advances in EV-nanomaterial integration for biomedical applications.
2 EXTRACELLULAR VESICLES (EVS)
EVs signify a fascinating and diverse class of biological nanoparticles that have garnered substantial attention in the fields of cell biology, immunology, and biomedical research (Mansoori et al., 2022). These small membranous structures are buried by virtually all cell types and play pivotal roles in intercellular communication, both in physiological and pathological contexts (Patil and Soekmadji, 2021).
2.1 Diverse sources of EVs
Extracellular vesicles (EVs) are tiny structures secreted by various cell types, serving as crucial messengers in intercellular communication. In animals, diverse sources of EVs (Figure 1). On the other hand, in plants (Figure 2), EVs are produced by variety of cells which are described in Table 1. Both animal and plant-derived EVs carry diverse cargo and play crucial roles in physiology, health, and disease. Research into EVs continues to expand, offering promising applications in various fields (Silachev, 2023).
[image: Figure 1]FIGURE 1 | Sources of EVs from the different animal cells. This figure visually bears the concept that EVs are released by animal cells, originating from various cellular sources, and they could play various roles in the advanced biomedical applications.
[image: Figure 2]FIGURE 2 | Sources of EVs from plant cells. This figure visually conveys the concept that EVs are released by plant cells, originating from several cellular sources within the plant cells, and they could play diverse roles in biomedical applications.
TABLE 1 | Different sources of EVs.
[image: Table 1]2.2 Biogenesis of extracellular vesicles
EVs are produced through a complex biogenesis process, involving budding from the plasma membrane or intracellular compartments. They come in three types (Table 2): exosomes, originating from the endosomal system; microvesicles, budding directly from the cell membrane; and apoptotic bodies formed during cell apoptosis. EV biogenesis is tightly regulated and includes the sorting of cargo molecules like proteins and nucleic acids, facilitating their vital roles in intercellular communication and physiology (Kang et al., 2021).
TABLE 2 | The key characteristics and biogenesis mechanisms of EVs.
[image: Table 2]2.3 Classification of extracellular vesicles
Extracellular vesicles (EVs) are small, membrane-bound particles secreted by cells into the extracellular environment, serving as key mediators of intercellular communication. Based on characteristics such as size, biogenesis pathways, and molecular composition, EVs are generally classified into three main types: exosomes, microvesicles, and apoptotic bodies.
2.3.1 Exosomes
Exosomes are the smallest type of EVs, typically ranging from 30 to 150 nm in diameter. They are formed within endosomal compartments called multivesicular bodies (MVBs), which fuse with the plasma membrane to release exosomes into the extracellular space. Exosomes carry a diverse array of bioactive molecules, including proteins, lipids, and nucleic acids (e.g., miRNAs, mRNAs), which play essential roles in cellular signaling and immune modulation. Key surface markers for exosomes include tetraspanins such as CD63, CD81, and CD9. Exosomes are involved in processes such as immune responses, tissue regeneration, and tumor progression, and can originate from various cell types like dendritic cells, mesenchymal stem cells, and cancer cells.
2.3.2 Microvesicles
Microvesicles, also known as ectosomes or microparticles, vary widely in size, generally ranging from 100 to 1,000 nm. Unlike exosomes, microvesicles are formed through the outward budding and fission of the plasma membrane. Their molecular composition is highly dependent on the originating cell type, encompassing surface markers and cargos that reflect the cell’s physiological state. They often express phosphatidylserine on their surface, which serves as a distinguishing marker. Microvesicles are implicated in hemostasis, inflammation, and cellular repair processes and are commonly secreted by platelets, endothelial cells, and immune cells.
2.3.3 Apoptotic bodies
Apoptotic bodies are the largest type of EVs, typically ranging from 1 to 5 µm in diameter. These vesicles are produced during apoptosis, a regulated form of cell death, and contain fragments of the parent cell, including DNA, cytoplasmic components, and intact organelles. Apoptotic bodies are cleared by phagocytic cells, contributing to immune tolerance and inflammation regulation. Their composition often includes phosphatidylserine and markers like histones, which are indicative of their apoptotic origin.
Beyond these primary classifications, EVs can also be categorized into subpopulations based on specific markers, cargo contents, and the cell types from which they originate. For example, EVs derived from cancer cells often contain oncogenic proteins and nucleic acids that support tumor growth and metastasis, while EVs from mesenchymal stem cells are rich in regenerative factors that aid in tissue repair. Additionally, EVs secreted under different physiological conditions, such as oxidative stress or hypoxia, display unique molecular profiles that reflect these environmental cues. (Palanisamy et al., 2023).
2.4 Physiological roles of extracellular vesicles
EVs serve diverse physiological roles in intercellular communication (Table 3). They transport bioactive molecules, including proteins, lipids, and nucleic acids, influencing processes like immune regulation, tissue repair, and cell signaling. EVs are also implicated in disease pathogenesis and hold promise as diagnostic and therapeutic tools in various medical fields. There are several physiological processes to be understood and novel biomedical applications to be developed, which depend on EVs, and these vesicles represent a versatile and dynamic way to communicate between cells. Their biogenesis, classification, and roles continue to be areas of intense research, represents promising avenues for future discoveries and therapeutic interferences (Cheng and Hill, 2022).
TABLE 3 | The physiological roles of EVs in both health and disease, highlighting their functions.
[image: Table 3]2.5 Mechanisms governing EVs formation and secretion
The formation and secretion of EVs are complex processes regulated by numerous cellular mechanisms (Table 4). These pathways vary by cell type and are tailored to meet specific cellular needs. Key pathways, such as those mediated by the Endosomal Sorting Complex Required for Transport (ESCRT) machinery, lipid rafts, and calcium signaling, orchestrate EV biogenesis, ensuring the correct cargo is sorted, enclosed, and released. Below, we outline the principal mechanisms that regulate EV formation and secretion, with examples of their roles in producing different EV types, including exosomes, microvesicles, and apoptotic bodies (Zhang et al., 2023).
TABLE 4 | The various cellular pathways and processes involved in the formation and secretion of EVs.
[image: Table 4]3 NANOMATERIALS
Nanomaterials are engineered or naturally occurring substances with structures at the nanoscale, typically ranging from 1 to 100 nm. Their unique and enhanced physical, chemical, and biological properties arise from their small size, high surface area, and quantum effects, making them ideal for diverse applications (Han and Choi, 2021). Broadly, nanomaterials can be classified into four primary types based on their morphology and composition: Nanoparticles: These are the most commonly studied nanomaterials and include metallic (e.g., gold, silver), metal oxide (e.g., titanium dioxide, zinc oxide), polymeric, and carbon-based particles. Nanoparticles are widely applied in drug delivery, imaging, and antibacterial treatments due to their capacity for targeted delivery and surface functionalization. Nanotubes: Carbon nanotubes (CNTs) are a prominent example, known for their mechanical strength and electrical conductivity. They are utilized in electronic devices, as well as in tissue engineering and biosensing due to their flexibility and biocompatibility. Nanowires: Metallic and semiconducting nanowires, such as those made from silicon or gold, find applications in nanoelectronics, sensors, and photodetectors. Their ability to conduct electrons efficiently makes them valuable in energy storage and conversion devices. Quantum Dots: These are semiconductor nanocrystals that exhibit unique optical properties, such as fluorescence, which vary with their size. They are used in imaging, drug delivery, and as fluorescent markers in biological research and diagnostics.
In terms of contextual applications, nanomaterials are pivotal in medicine, particularly for targeted drug delivery and regenerative medicine, where their controlled release and interaction with biological systems can enhance therapeutic efficacy. In materials science, they improve the properties of composites, making them stronger, lighter, or more flexible. In electronics, nanomaterials facilitate advancements in microelectronics, energy storage, and solar cells. Environmental applications include water treatment, air purification, and environmental sensing. However, their small size also raises concerns regarding toxicity and environmental persistence, making it critical to evaluate their safety and regulatory requirements (Albalawi et al., 2021).
3.1 Classification of nanomaterials
Nanomaterials can be classified into several categories based on their composition, structure, and properties, each with distinct applications and characteristics that make them valuable across various fields.
3.1.1 Nanoparticles
These are solid particles with at least one dimension within the nanoscale (1–100 nm). Examples include: Gold nanoparticles (AuNPs), commonly used in diagnostics and drug delivery due to their biocompatibility and ease of functionalization. Silver nanoparticles (AgNPs), known for their antimicrobial properties and widely used in medical devices and coatings. Titanium dioxide (TiO₂) nanoparticles, frequently used in sunscreens, cosmetics, and photocatalysis applications for environmental remediation.
3.1.2 Nanocomposites
These materials consist of a bulk matrix embedded with nanoscale inclusions to enhance their mechanical, thermal, or electrical properties. Polymer-matrix nanocomposites, where polymers are reinforced with nanoparticles like clay, carbon nanotubes, or graphene, are used in automotive and aerospace components for their strength and light weight. Metal-matrix nanocomposites, such as aluminum reinforced with silicon carbide nanoparticles, are applied in structural materials needing high strength and durability.
3.1.3 Nanoporous materials
These materials contain nanoscale pores, which make them suitable for applications in adsorption, catalysis, and filtration. Zeolites, microporous aluminosilicate minerals used in catalysis, adsorption, and ion-exchange processes. Metal-organic frameworks (MOFs), a class of nanoporous materials with high surface area and tunable pore sizes, are used in gas storage, separation, and drug delivery. Mesoporous silica (MCM-41), which is utilized in catalysis and as a drug delivery vehicle due to its high surface area and stability.
3.1.4 Nanostructured materials
Bulk materials with nanoscale features throughout the structure exhibit enhanced mechanical, optical, and electrical properties. Nanostructured metals, like nanocrystalline copper, are used in wear-resistant coatings and conductive films due to their enhanced hardness and ductility. Nanostructured ceramics, such as nanocrystalline zirconia, are used in dental and orthopedic implants for their strength and biocompatibility. Graphene, a single layer of carbon atoms with a two-dimensional nanostructure, is applied in flexible electronics, sensors, and composite materials due to its high conductivity and strength.
3.1.5 Nanomaterials by composition
These materials are categorized based on their chemical makeup. Carbon-based nanomaterials, including carbon nanotubes and fullerenes, are valued in electronics and composite materials for their electrical conductivity and tensile strength. Metal nanoparticles, like silver, gold, and iron oxide nanoparticles, are used in biomedical applications for imaging, drug delivery, and hyperthermia treatment. Semiconductor nanocrystals, such as quantum dots made from cadmium selenide (CdSe), are utilized in displays, solar cells, and bioimaging for their tunable optical properties.
3.1.6 Nanomaterials by application
Nanomaterials can also be grouped based on their primary applications, facilitating targeted research and development. Medical applications: Gold nanoparticles and iron oxide nanoparticles are used in diagnostics, drug delivery, and imaging. Electronics: Carbon nanotubes and graphene are key in creating flexible electronics, transistors, and sensors. Energy storage and conversion: Nanostructured silicon and lithium iron phosphate nanoparticles are utilized in batteries and fuel cells for improved energy capacity and efficiency. Environmental applications: Titanium dioxide nanoparticles and silver nanoparticles are used in water treatment, antimicrobial coatings, and air purification.
These classifications help to understand and leverage the unique properties of nanomaterials, enabling their tailored use across disciplines, including medicine, electronics, materials science, and environmental sustainability (Han et al., 2020).
3.2 Nanomaterials in therapeutic innovations
This section highlights the significant impact of nanomaterials on medical advancements. It possess unique properties that make them highly advantageous for diverse medical applications. In the realm of drug delivery, nanomaterials serve as carriers for pharmaceutical compounds, safeguarding them from degradation and enabling precise targeting. This enhances therapeutic efficacy while reducing side effects, as drugs can be delivered directly to affected tissues or cells while sparing healthy ones (Lai et al., 2022). Examples of drug delivery platforms employing nanomaterials include liposomes, polymer nanoparticles, and lipid-based nanocarriers (Nasrollahzadeh et al., 2020).
Cancer therapy, in particular, has benefited significantly from nanomaterials, allowing the targeted delivery of chemotherapy drugs to cancer cells while sparing healthy tissue. Additionally, nanoparticles can be engineered to release drugs in response to specific triggers within tumor microenvironments (Meng et al., 2021). Targeted therapies like photodynamic therapy and hyperthermia, where nanomaterials generate heat or light to destroy cancer cells, have shown promise. The field of vaccines has also been revolutionized by nanomaterials, as they can effectively carry antigens to enhance immune responses, potentially leading to more effective vaccines against infectious diseases (Makabenta et al., 2021).
Nanomaterials have made substantial contributions to medical imaging, serving as contrast agents in various imaging modalities such as magnetic resonance imaging (MRI), computed tomography (CT), and ultrasound. Their ability to enhance image quality aids in early and accurate disease detection, assisting clinicians in making informed decisions (Chen et al., 2021).
In regenerative medicine, nanomaterials offer scaffolds that mimic the extracellular matrix, supporting tissue rejuvenation. They can also carry growth factors and bioactive molecules, promoting tissue repair in applications ranging from bone regeneration to wound healing (Tan et al., 2023). Nanomaterials have shown promise in delivering therapeutic agents to the brain, potentially offering new avenues for treating neurodegenerative diseases like Alzheimer’s and Parkinson’s disease, which are notoriously difficult to address due to the blood-brain barrier (Soufi and Iravani, 2020).
Nanomaterials with antibacterial properties have emerged as promising tools in the fight against antibiotic-resistant bacteria and infections (Meng et al., 2023). They can be incorporated into wound dressings, medical implants, or device coatings to prevent infections and improve patient outcomes (Naskar and Kim, 2019). Cardiovascular therapies have also benefited from nanomaterials in the development of drug-eluting stents and as carriers for medications targeting heart diseases (Cassani et al., 2020).
Furthermore, nanomaterials have played a crucial role in gene therapy by facilitating the delivery of nucleic acids for the treatment of genetic disorders, offering hope for previously untreatable conditions (Ma et al., 2021). They have also advanced the field of personalized medicine, enabling therapies tailored to an individual’s genetic or disease profile, maximizing treatment effectiveness (dos Santos et al., 2021).
While the potential of nanomaterials in therapeutics is undeniable, challenges related to safety, scalability, and cost-effectiveness need to be addressed through rigorous testing and regulation (Mundekkad and Cho, 2022). Despite these challenges, nanomaterials have ushered in a new era of therapeutic innovation, offering precision, versatility, and efficiency in the treatment of a wide range of medical conditions. Continued research and development in this field hold great promise for improving patient outcomes and reshaping the healthcare landscape (Pusta et al., 2023).
4 SYNERGISTIC INTEGRATION OF NANOMATERIALS WITH EVS
This section explores the emerging area of research that combines nanomaterials with EVs for potential therapeutic applications in medicine, drug delivery, and diagnostics. EVs are small membranous structures released by cells, which play a crucial role in intercellular communication by carrying bioactive molecules like proteins, nucleic acids, and lipids (Rani et al., 2023). In contrast, nanomaterials are engineered materials with unique properties at the nanoscale that can be tailored for various applications. The integration of nanomaterials with EVs aims to merge the properties and functions of both entities to enhance their therapeutic or diagnostic potential (Niu et al., 2021). This integration holds several promising aspects.
4.1 Enhanced drug delivery
The integration of nanomaterials with EVs significantly enhances drug delivery systems by providing a robust platform for improved precision and efficiency in targeting specific cells or tissues. Nanomaterials can serve as ideal carriers for EVs, protecting them from enzymatic degradation and environmental factors that may compromise their therapeutic efficacy. The surface properties of nanomaterials can also be engineered to facilitate the binding of EVs to target receptors, ensuring that therapeutic molecules are delivered directly to disease sites.
For example, in cancer treatment, EVs loaded with therapeutic molecules, such as small interfering RNAs (siRNAs) or proteins, can be delivered precisely to tumor cells. Nanomaterials like liposomes, gold nanoparticles, and carbon nanotubes can be employed to enhance the stability and drug-loading capacity of EVs, facilitating the co-delivery of multiple therapeutic agents. This ability to co-load various drugs or biomolecules allows for synergistic effects, improving the efficacy of treatment regimens, minimizing the risk of drug resistance, and enabling the treatment of multifactorial diseases. As shown in studies by Meng et al. (2020) and Mondal et al. (2023), the use of nanomaterials for loading EVs can help target hard-to-reach areas and improve overall bioavailability (Meng et al., 2020; Mondal et al., 2023).
4.2 Therapeutic cargo loading
One of the key advantages of integrating nanomaterials with EVs is the ability to control the loading of specific therapeutic cargo during EV biogenesis. This can be achieved by incorporating nanomaterials into the EV membrane or internalizing them within the EV lumen, allowing for the targeted delivery of nucleic acids (such as mRNAs or small RNAs), proteins, and other bioactive compounds. By precisely engineering nanomaterials to interact with EVs, researchers can enhance the specificity and efficiency of therapeutic cargo delivery.
For example, gold nanoparticles and magnetic nanoparticles can be used to guide the EVs to desired locations within the body, ensuring that they carry out their therapeutic function only at the target site. Moreover, the use of nanomaterials in the engineering of EVs allows for the co-delivery of several different therapeutic agents, providing a multi-pronged approach to therapy. This method not only enhances the efficacy of treatments but also reduces off-target effects, as shown by Yom-Tov et al. (2022) and Tripathi et al. (2023), where custom-engineered EVs facilitated controlled drug release and minimized systemic toxicity (Yom-Tov et al., 2022; Tripathi et al., 2023).
4.3 Stability and longevity
A major limitation of EV-based therapeutics is their susceptibility to degradation during storage, transport, and in vivo circulation. Nanomaterials can address this challenge by providing protective barriers for EVs, enhancing their stability and longevity. By coating or encapsulating EVs with nanomaterials, it is possible to shield them from harsh environmental conditions such as high temperatures, enzymatic degradation, and oxidative stress.
Nanomaterials, such as silica nanoparticles, lipid nanoparticles, and polymeric nanocarriers, have been shown to enhance the shelf life and stability of EVs, ensuring that they retain their therapeutic cargo’s integrity until they reach their target site. Additionally, nanomaterials help to prevent aggregation, which can occur when EVs are exposed to external stresses, improving their therapeutic efficacy upon delivery. As reported by Paolillo et al. (2021) and Yaraki et al. (2022), this integration significantly extends the shelf-life of EVs and ensures that their therapeutic potential remains intact over time (Paolillo et al., 2021; Yaraki et al., 2022).
4.4 Imaging and diagnostics
Nanomaterials offer powerful tools for the imaging and tracking of EVs in vivo, enabling real-time monitoring of their distribution and therapeutic effects. By integrating nanomaterials such as quantum dots, gold nanoparticles, or superparamagnetic iron oxide nanoparticles (SPIONs) into EVs, researchers can enhance the visualization and detectability of EVs using various imaging modalities, including fluorescence imaging, magnetic resonance imaging (MRI), and computed tomography (CT).
This capability is especially valuable in clinical diagnostics and biomedical research, where tracking the biodistribution of EVs can provide insights into their therapeutic efficacy and potential side effects. For instance, Liu Q. et al. (2022) demonstrated the use of fluorescent nanomaterials to track EVs in cancer models, offering a non-invasive approach to monitor EV delivery in real-time. The ability to visualize EVs can also aid in determining the best time and dosage for EV-based therapies, improving treatment outcomes (Liu Q. et al., 2022).
4.5 Immunomodulation
Nanomaterials integrated with EVs can be utilized to modulate the immune system’s response, offering a potential strategy for therapeutic interventions in autoimmune diseases, inflammation, and cancer immunotherapy. Nanomaterials can be engineered to enhance the immunomodulatory properties of EVs, such as boosting the ability of EVs to interact with immune cells or modulating their immunosuppressive effects.
For example, the incorporation of gold nanoparticles or lipid-based nanomaterials into EVs has been shown to enhance their ability to stimulate immune responses, thereby promoting antitumor immunity or enhancing vaccine efficacy. Conversely, EVs can be engineered with nanomaterials to carry immunosuppressive cargo, which could be beneficial in conditions where dampening the immune response is desired, such as in autoimmune diseases. Cheng et al. (2021) and Liu Z. et al. (2023) demonstrated how the combination of nanomaterials and EVs could be used to control immune responses with high precision, opening up new avenues for immunotherapies (Cheng et al., 2021; Liu Z. et al., 2023).
4.6 Tissue engineering
The integration of nanomaterials with EVs has significant potential in tissue engineering and regenerative medicine, particularly for promoting tissue repair and regeneration. Nanomaterials can serve as scaffolds or delivery systems for EVs, ensuring that bioactive molecules are efficiently delivered to damaged tissues, thereby accelerating the healing process. For example, the combination of nanomaterials such as hydrogels, nanofibers, and nanoparticles with EVs can provide both structural support and bioactive cues for cell proliferation and tissue regeneration.
Trubiani et al. (2019) and Ju et al. (2022) have explored how EV-loaded nanomaterials can be used in bone and cartilage regeneration, where nanomaterials help to direct the EVs to the site of injury, enhancing the regenerative potential of EVs. This synergistic approach not only promotes tissue repair but also improves the overall efficacy of regenerative therapies (Trubiani et al., 2019; Ju et al., 2022).
4.7 Safety and toxicity considerations
While the integration of nanomaterials with EVs holds great promise, it is essential to thoroughly assess the safety and biocompatibility of these systems. The long-term effects of nanomaterials on human health and the environment must be carefully evaluated to mitigate potential risks. Toxicological studies are needed to understand the potential cytotoxicity, immunogenicity, and biodistribution of the nanomaterials when integrated with EVs.
Researchers are exploring methods to design biocompatible nanomaterials that are easily excreted from the body and do not accumulate in vital organs. In addition, the impact of these integrated systems on immune function, organ health, and overall system toxicity should be systematically studied. Cheng et al. (2018), El Nahrawy et al. (2021), and Herrmann et al. (2021) highlight the importance of safety profiles in nanomaterial-EV therapeutics, which will be essential for translating these systems into clinical applications (Cheng et al., 2018; El Nahrawy et al., 2021; Herrmann et al., 2021).
The synergistic integration of nanomaterials with EVs represents an exciting frontier in biomedical research, with the potential to revolutionize various aspects of medicine and healthcare. However, further research and development are needed to fully unlock the clinical potential of this approach (Rufino-Ramos et al., 2017).
5 CHARACTERIZATION METHODS FOR INTEGRATION OF NANOMATERIALS WITH EVS
Characterizing the integration of nanomaterials with EVs is essential for understanding their properties, behaviour, and potential applications in various fields. Numerous characterization approaches could be employed to assess these integrated systems which are given below.
5.1 Transmission electron microscopy (TEM)
TEM is an authoritative imaging technique for characterizing nanomaterial-EVs complexes with exceptional detail. By using a attentive beam of electrons, TEM gives the ultra-high resolution images that unveil the intricate features of these integrated structures. Researchers could exactly determine the size, shape, and arrangement of nanomaterials within EVs, shedding light on their morphology and distribution. This microscopic vision is precious for understanding how nanomaterials and EVs interact at the nanoscale, providing crucial information that underpins the development of novel therapeutic strategies and biomedical applications (Murugesan, 2021).
5.2 Scanning electron microscopy (SEM)
SEM is a valuable tool for characterizing EVs-nanomaterial complexes, particularly when it comes to assessing their surface properties. SEM produces high-resolution images by scanning an electron beam across a sample’s surface. Nanomaterial-EV complexes can be characterized based on their surface morphology, texture, and features by this technique. Scientists can gain a deeper understanding of EV stability and cellular uptake by studying their surface characteristics. In a variety of biomedical applications, SEM’s ability to provide detailed surface information is crucial for optimizing design and functionality. (Noble et al., 2020).
5.3 Dynamic light scattering (DLS)
In solution, DLS is an effective technique for characterizing nanomaterial-EV complexes. DLS provides crucial information about particle size distribution and hydrodynamic diameter by analysing the fluctuations in scattered light caused by Brownian motion. As nanomaterials are integrated with EVs, DLS assists researchers in determining the dimensions of these integrated structures. Physiological and experimental settings require dynamic data to understand their stability, dispersibility, and interactions. DLS enables precise size measurements and aids in optimizing the design of these complexes for targeted therapeutic delivery and other biomedical applications (Tiwari et al., 2021).
5.4 Zeta potential analysis
Zeta Potential Analysis is a valuable method for assessing the surface charge properties of nanomaterial-EVs complexes. By quantifying the electrical charge at the particle’s surface when suspended in a solution, it exposes vibrant information about their stability and propensity for aggregation. A high positive or negative zeta potential proposes repulsion between particles, hindering aggregation and promoting stability. Equally, a low zeta potential can indicate the potential for particles to aggregate or clump together. This characterization method is precious for forecasting the behaviour of nanomaterial-EVs complexes in various environments, aiding researchers in optimizing their design for targeted drug delivery, imaging, and other biomedical applications (Midekessa et al., 2020).
5.5 Fourier transform infrared spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) is a prevailing analytical technique used to find the chemical composition of nanomaterial-EVs complexes. By subjecting these complexes to infrared radiation, FTIR perceives the specific vibrational frequencies of chemical bonds and functional groups existing in the sample. It provides a complete molecular fingerprint, allowing researchers to identify and quantify the numerous constituents within the nanomaterial-EVs complexes. FTIR aids in discriminating critical information about the structural modifications, surface functionalization, or chemical interactions which may occur during the integration of nanomaterials with EVs (Di Santo et al., 2022).
5.6 X-ray diffraction (XRD)
X-ray Diffraction (XRD) is a powerful technique for probing the crystallographic characteristics of nanomaterials encapsulated EVs. By exposing the sample to X-rays and analysing the resultant diffraction pattern, XRD could precisely determine the arrangement and spacing of atoms within crystalline structures. This information is precious in understanding the structural integrity and phase composition of nanomaterial-EVs complexes. Researchers could assess whether nanomaterials maintain their crystalline properties post-integration, which is critical for predicting their stability and functionality in various applications, from drug delivery to catalysis and beyond. XRD contributes crucial insights into the behaviour of nanomaterial-EVs complexes at the atomic and molecular level (Paisrisarn et al., 2022).
5.7 Nuclear magnetic resonance (NMR) spectroscopy
NMR Spectroscopy is a adaptable analytical technique employed to gain perceptions into the chemical structure, dynamics, and interactions within nanomaterial-EVs complexes. NMR exploits the magnetic properties of certain atomic nuclei, exposing their specific environments within a sample. In the integration of nanomaterials with EVs, NMR could identify and characterize the chemical constituents of both components. It could elucidate how nanomaterials and EVs interrelate on a molecular level, provides data on binding affinities, conformational changes, and intermolecular forces. NMR is essential for considerate the intricacies of these integrated systems, aiding researchers in enhancing their design for diverse applications in biomedicine, materials science, and beyond (Nielsen et al., 2021).
5.8 Fluorescence and confocal microscopy
Fluorescence and Confocal Microscopy are essential tools for examining the behaviour of nanomaterial-EVs complexes within biological systems. These techniques control the intrinsic or fluorescently labelled properties of the nanomaterials or EVs to visualize their uptake and intracellular localization in real-time. By enlightening the interactions between these complexes and living cells or tissues, researchers could track their journey by cellular compartments, discerning how they are internalized, trafficked, and whether they reach specific target sites. This information is essential for optimizing the design of nanomaterial-EV systems for drug delivery, imaging, or therapeutic applications, eventually enhancing our understanding of their behaviour within complex biological environments (Shimomura et al., 2021).
5.9 Mass spectrometry (MS)
MS is a vital analytical technique hired to delve into the cargo content of EVs and monitor any alterations resulting from their integration with nanomaterials. Through ionizing and separating molecules based on their mass-to-charge ratios, MS could precisely identify and quantify the proteins, lipids, nucleic acids, and metabolites carried by EVs. This technique allows researchers to examine the cargo composition and assess whether nanomaterial integration induces any changes, shedding light on potential modifications or cargo loading efficiency. MS plays a vital role in interpreting the functional and therapeutic potential of nanomaterial-EVs complexes, guiding their optimization for various biomedical applications (Jalaludin et al., 2023).
5.10 Biological assays
Biological assays are crucial for assessing the functional aspects and safety profile of nanomaterial-EVs complexes within biologically relevant contexts. Cell viability assays provides critical insights into the biological activity and possible toxicity of these integrated systems. By exposing cells to nanomaterial-EVs complexes and measuring their impact on cell viability and proliferation, researchers could assess whether these complexes encourage cytotoxicity or adversely affect cellular health. Such assays are essential for defining the biocompatibility of these complexes and guiding their safe use in various biomedical applications, from drug delivery to regenerative medicine, confirming that they have a positive impact on biological systems (Nguyen et al., 2020).
5.11 Spectroscopic techniques
Spectroscopic techniques, together with ultra violet -visible (UV-Vis) spectroscopy, Raman spectroscopy, and fluorescence spectroscopy, provides valuable insights into the optical properties and interactions of nanomaterial with EVs. UV-Vis spectroscopy dealings the absorption of light by these complexes, exposing the information about their electronic structure and composition. On the other hand, Raman spectroscopy provides information about molecular vibrations within complexes, allowing chemical bonds and structural changes to be identified. After excitation, fluorescence spectroscopy utilizes the emitted light to determine fluorescence properties and biomolecular interactions. A variety of biomedical and materials science applications demand the use of these spectroscopic methods to characterize and optimize nanomaterial-EV systems (Imanbekova et al., 2022).
5.12 Electrophoretic techniques
In order to evaluate the stability and electrophoretic mobility of nanomaterial-EV complexes, electrophoretic techniques, with gel electrophoresis, are indispensable. When subjected to an electric field, gel electrophoresis separates these complexes according to their size and charge, providing vital information about their structure and dispersion. Researchers could determine whether nanomaterial-EVs complexes have aggregated or degraded by analyzing their migration patterns in a gel matrix. Nanomaterial-EV complexes are essential for targeted drug delivery, diagnostics, and other biomedical applications (Yang et al., 2020).
5.13 Quantitative PCR (qPCR)
qPCR is a powerful molecular biology technique used to investigate how nanomaterial-EV complexes alter gene expression. Through the measurement of gene levels, qPCR provides valuable insight into the biological effects of these integrated systems. Nanomaterial-EV complexes are shown to influence cellular processes, including signaling pathways, immune responses, and other essential functions. Using this information, we can develop tailored biomedical interventions and advance our understanding of their interactions with biological systems as well as understand the therapeutic or regulatory impact of these complexes (Fauth et al., 2019).
5.14 Proteomic and lipidomic analysis
A proteomic and lipidomic analysis is a sophisticated method of dissecting EVs molecular composition and examining the changes caused by nanomaterial integration. To conduct proteomics, it is necessary to identify and quantify the proteins present in EVs. Additionally, lipidomics focuses on determining the lipid content of these vesicles. By encapsulating nanomaterials with EVs, these techniques can detect changes in protein and lipid compositions. In order to understand what effects nanomaterial integration may have on therapeutic potential, EV stability, or functionality, this is crucial. Our understanding of the complex interactions between nanomaterials and EVs is improved by proteomic and lipidomic analyses, which guide the optimization of EVs for various biomedical applications (Wang T. et al., 2023).
5.15 Characterization methods of EVs proteins
Characterizing EVs proteins is crucial for understanding their composition and functions. Common methods include Western Blotting, which uses specific antibodies to detect proteins; Enzyme-Linked Immunosorbent Assay (ELISA) for quantification; Mass Spectrometry, which identifies and quantifies proteins through mass analysis of peptides; Flow Cytometry, allowing analysis of EVs based on size and surface proteins; Immunoelectron Microscopy for nanoscale visualization of EVs and their protein content; Nanoparticle Tracking Analysis (NTA) for measuring size and concentration; Transmission Electron Microscopy (TEM) for high-resolution imaging; Protein Arrays for simultaneous screening of multiple proteins; Immunoprecipitation (IP) for isolating target proteins; Size-Exclusion Chromatography (SEC) for EV subpopulation separation; Surface Plasmon Resonance (SPR) for analyzing protein interactions; and Proteomic Analysis (e.g., LC-MS) for comprehensive proteome identification. Researchers often combine these techniques based on research goals and equipment availability to comprehensively characterize EV protein composition.
6 INTEGRATION OF NANOMATERIALS WITH EVS FOR ADVANCED BIOMEDICAL APPLICATIONS
The synergistic integration of nanomaterials with EVs are emerging as an innovative and dynamic approach that has been profound implications for advanced biomedical application (Table 5) (Figure 3) (Yang et al., 2022). This synergistic integration epitomizes a growing field at the intersection of biomedicine, drug delivery, and nanotechnology, promising transformative solutions to a variety of healthcare challenges (Li et al., 2021). Accordingly, this approach harnesses their combined potential. Nanomaterials, including nanoparticles, liposomes, quantum dots, and other engineered carriers offers multifunctionality and versatility, while EVs provides natural targeting competences and a biocompatible delivery system. Moreover, this approach amplifies therapeutic and diagnostic potential of both components, leading to improved consequences in the advanced biomedical applications (Wang et al., 2021).
TABLE 5 | Integration of Nanomaterials with EVs for advanced biomedical applications.
[image: Table 5][image: Figure 3]FIGURE 3 | Synergistic of integration of nanomaterials with EVs. This figure depicts the integration of nanomaterials with EVs for advanced biomedical applications. It illustrates the synergy between these two components to achieve various biomedical and therapeutic applications.
Research and development (R&D) in this field encompass various stages, starting with the isolation of EVs from various cell sources (both animal and plant cells) and biological fluids. Numerous techniques employed to obtain pure and functional EVs which includes ultracentrifugation, filtration, size exclusion chromatography, and immunoaffinity capture (Sidhom et al., 2020). Consequently, the loading of nanomaterials into EVs is an essential step, involving several strategies to professionally encapsulate these carriers within EVs. This process confirms that the therapeutic payloads are safely loaded into EVs and ready for targeted delivery. Evaluation of integration success, researchers utilized several characterization methods such as transmission electron microscopy, dynamic light scattering, and Western blotting which techniques are enabling the validation of nanomaterial integration with EVs and offer insights into their structure and stability. Besides, biological compatibility and safety considerations are supreme, necessitating comprehensive assessments of toxicity, immunogenicity, and stability in relevant biological environments (Wang Z. et al., 2023).
Surface modification approaches are also discovered to improve the targeting specificity of EVs-nanomaterial complexes for various biomedical applications. By engineering the surface properties of these hybrids, researchers can tailor their interactions with specific cell types or tissues, thereby enhancing their therapeutic efficacy and reducing off-target effects (Tian et al., 2022). The applications of EV-nanomaterial hybrids are extensive and continue to expand. They encompass targeted drug delivery, in vivo imaging, regenerative medicine, cancer therapy, and vaccine development. By leveraging the natural targeting abilities of EVs and the multifunctionality of nanomaterials, these hybrid systems hold the potential to revolutionize the treatment and diagnosis of various diseases (Liu R. et al., 2023). Nonetheless, several challenges, such as scalability, standardization, and safety, must be addressed for the clinical translation of these promising innovations. Despite these hurdles, the synergistic integration of nanomaterials with EVs represents a rapidly evolving and highly promising field in biomedical research, offering new avenues for precision medicine and improved healthcare outcomes (Table 1) (Wu Q. et al., 2023).
The research by Elkhoury et al. (2022) explores a groundbreaking approach to enhance the potential of additive manufacturing for tissue engineering. Traditional 3D-printed tissues have limitations when it comes to influencing the behavior of the cells they contain, especially in terms of delivering crucial gene expression regulators like microRNAs (miRNAs). To overcome this challenge, the researchers incorporated extracellular vesicles (EVs), which are naturally occurring nanovesicles, into bioinks used in 3D bioprinting. miRNA could be delivered to cells without impairment through EVs due to their excellent biocompatibility, rapid endocytosis capabilities, and low immunogenicity. In order to improve the control and release of these EVs, liposomes combined with them. EV-liposome hybrid nanovesicles (hEL) compressed in gelatin-based hydrogels molded bioinks that effectively encapsulated and delivered miRNA to their target sites. This breakthrough permissible for the accurate regulation of gene expression within a 3D bioprinted matrix, confirming not only excellent shape fidelity but also high cell viability in the engineered tissues.
The integration of these innovative regulatory factor-loaded bioinks has the possibilities to intensify the development of new bioprinting applications in the field of tissue engineering. It describes an synergistic integration of nanomaterials, such as EVs and liposomes, with bioinks to overcome venerable challenges in delivering gene expression regulators, eventually advancing the possibilities for effective tissue regeneration and biomedical applications. In 2021, Niu et al. (2021) established an advanced glioma therapy drug delivery approach. They integrated grapefruit EVs with doxorubicin-loaded heparin-based nanoparticles (DNs) to create biomimetic EV-DNs. This strategy, known as “patching,” improved drug loading capability by four-fold compared to conventional methods. Biomimetic EV-DNs effectively crossed the blood-brain barrier (BBB) and penetrated glioma tissues, thanks to receptor-mediated transcytosis and membrane fusion. This approach improved cellular uptake, anti-proliferative effects, and circulation time. In vivo results demonstrated significant accumulation in glioma tissues, promising a breakthrough in challenging glioma therapy by overcoming critical delivery barriers.
Khongkow et al. (2019) introduced an innovative biomedical approach focusing on enhancing gold nanoparticles’ (AuNPs) ability to breach the blood-brain barrier for precise brain cell targeting. They combined the unique characteristics of extracellular vesicle-derived membranes with synthetic AuNPs, creating a novel nanomaterial for brain cell delivery. Brain-targeted exosomes, obtained from genetically engineered mammalian cells, were integrated onto synthetic AuNPs’ surfaces using mechanical or extrusion methods. This led to specialized nanomaterial development with enhanced targeting capabilities, as demonstrated by binding to brain cells under laminar flow conditions. The modified AuNPs also showed improved blood-brain barrier transport, signifying a significant achievement in brain drug delivery. In vivo imaging confirmed their brain accumulation, promising advanced neurological therapies and diagnostics through brain-targeted exosome-coated AuNPs. This research offers an effective and innovative strategy for efficient brain targeting in biomedical applications (Khongkow et al., 2019).
Jia et al. (2018) tackled glioma treatment challenges by introducing engineered EVs as targeted drug delivery carriers. Early glioma detection and overcoming the blood-brain barrier (BBB) for drug delivery are critical issues. Exosomes, with their cargo capacity and BBB-crossing ability, serve as ideal candidates. Researchers loaded superparamagnetic iron oxide nanoparticles (SPIONs) and curcumin into EVs, modifying their membrane with a neuropilin-1-targeted peptide. This engineered EV system effectively crossed the BBB, providing targeted imaging and therapy for glioma. Combining SPION-mediated magnetic flow hyperthermia and Cur therapy demonstrated potent synergistic antitumor effects, improving glioma management while minimizing side effects. This innovative approach offers promise for glioma diagnosis and treatment enhancement (Jia et al., 2018).
Kooijmans et al. (2016) tackled the limitations of using extracellular vesicles (EVs) for drug delivery by developing a method to modify EVs with targeting ligands. They used nanobodies specific for the epidermal growth factor receptor (EGFR) conjugated to polyethylene glycol (PEG) and introduced them to EVs through 'post-insertion.’ This process didn't alter EV characteristics but enhanced their cell specificity. Unmodified EVs cleared rapidly from the bloodstream, while modified EVs remained detectable for over 60 min post-injection. This innovation offers improved EV targeting and extended circulation times, promising enhanced drug delivery for biomedical applications without the need to modify EV-secreting cells (Kooijmans et al., 2016).
Gaurav et al. (2023) combat citrus canker, caused by Xanthomonas axonopodis, using an eco-friendly approach. They synthesized silver nanoparticles with Phyllanthus niruri leaf extract (GS-AgNP-LEPN), eliminating the need for toxic reagents. To enhance their efficacy, these nanoparticles were encapsulated in extracellular vesicles (EVs) from leaf apoplastic fluid (APF-EV-GS-AgNP-LEPN). This hybrid was tested against Xanthomonas axonopodis pv., outperforming ampicillin. The treatment works by inhibiting flavin adenine dinucleotide-flavodoxin NADP(H) reductase (FAD-FNR) and Xanthomonas outer protein AI (XopAI) through nirurinetin. This eco-friendly approach offers a promising solution to combat citrus canker, a significant threat to the citrus industry (Gaurav et al., 2023).
Yang Y. et al. (2021) address tongue squamous cell carcinoma (TSCC) treatment challenges by using extracellular vesicles (EVs) loaded with chrysin, a flavonoid with anti-tumor properties. They combine this with gold nanoparticles (AuNPs) for photothermal therapy. EVs enhance specificity for TSCC cells. Au-EVs, with near-infrared irradiation, induce TSCC cell apoptosis. RNA sequencing reveals upregulated tumor suppressor miRNAs, particularly let-7a-3p, in EVs-chrysin. Au-EVs combined with near-infrared radiation (NIR) irradiation inhibit tumor growth in vivo by increasing let-7a-3p expression, offering a promising nanomaterial-based approach for TSCC treatment (Yang Z. et al., 2021).
Li J. et al. (2023) enhance tumor immunotherapy using engineered extracellular vesicles (EVs), addressing limitations in tumor antigen presentation to dendritic cells (DCs). They create Te@EVsHSP70 by upregulating heat shock protein 70 (HSP70) expression in tumor cells, leading to engineered EVs with tellurium nanoparticles (Te) for photothermal therapy. Te@EVsHSP70 induce immunogenic cell death and DC maturation, resulting in superior antitumor efficacy in vitro and in vivo. This study offers a practical method to boost tumor immunotherapy by combining photothermal therapy with engineered EVs for enhanced antigen presentation, highlighting an innovative approach in oncology (Li X. et al., 2023).
Naskar et al. (2022) developed an innovative approach to combat Staphylococcus aureus using a nanocomposite coated with EVs from Lactobacillus paracasei (MZ-LPEV). This bioinspired nanoantibiotic exposed considerably progressive antibacterial activity against S. aureus, outperforming other nanoparticles. Its mechanisms included reactive oxygen species production and bacterial membrane disruption. MZ-LPEV also demonstrated enhanced biocompatibility and selectivity for S. aureus. This innovative approach offers promise in addressing antibiotic-resistant strains and represents a novel strategy in the battle against infectious diseases (Naskar et al., 2022).
Cheng et al. (2018) developed a biomimetic nanoparticle platform for efficient systemic and intracellular protein delivery. Guest proteins with high loading content are encapsulated in metal-organic framework (MOF) nanoparticles and protected from degradation. These nanoparticles, coated with an EVs membrane, selectively target tumors, avoid the immune system’s detection, and improve cellular uptake. By using therapeutic protein gelonin, the platform accomplished a 14-fold advances in therapeutic efficacy, inhibiting tumor growth in vivo. This novel approach provides promise in enhanced protein delivery for therapeutic interventions in various diseases, overcoming critical obstacles in current strategies (Cheng et al., 2018).
Qiao et al. (2022) developed EV-Pd-Pt, a biomimetic nanoplatform for synergetic anti-infective therapy. The integration of Pd-Pt nanosheets with ginger-derived EVs, this nanoplatform shows prolonged circulation, exact accumulation at infection sites, and the capability to enter bacteria cells. It also generates sustainable reactive oxygen species (ROS) for enhanced therapy. Notably, EV-Pd-Pt employs both electrodynamic and photothermal therapy, enhancing its anti-infective efficacy. With excellent biocompatibility and biosafety, this nanoplatform presents a promising approach for combating infections in complex biological environments (Qiao et al., 2022).
Li et al. (2021) explored an novel photochemotherapy nanoplatform through macrophage-derived EVs. These EVs were altered with folate for boosted tumor targeting and employed an in situ biosynthetic approach to produce photosensitizer protoporphyrin X (PpIX) and chemotherapy drug doxorubicin (DOX) within the EVs. This approach accomplished high drug-loading efficiency, enhanced tumor accumulation and penetration, and triggered a strengthened immune response for efficacious cancer treatment. The smart nanoplatform’s versatility permits for possible applications in numerous biomedical contexts. This research highlights an well-organized strategy for EVs-based drug delivery, mainly in photochemotherapy, providing potential biomedicine for cancer (Li et al., 2021).
Dumonte et al. (2019) established Trojan nano-horses (TNHs) as a nanotherapeutic approach by encapsulating zinc oxide (ZnO) nanocrystals within EVs. In cancer theranostics, TNHs address issues such as aggregation, degradation, and clearance. In this study, ZnO nanocrystals were carried in EVs, which are known to be stable and biocompatible. Researchers demonstrated TNHs’ biomimetic nanotheranostic potential in this study by verifying their efficient encapsulation, biostability, and cytotoxicity in cells. TNHs are a promising avenue for cancer therapy due to their biomimetic nature and cellular uptake of ZnO nanocrystals (Dumontel et al., 2019).
Shang et al. (2023) investigated into the communications between cationic polymer nanoparticles (cNPs) and cells, converging on their transport mechanisms and possible as biomimetic drug delivery systems. Their study exposed that cNPs could be excreted as cNP@EVs, enveloped by EVs, and travel across several cellular compartments, assisted by autophagy. Nanoparticles can be efficiently transported between cells via EVs, enhancing deep penetration and the effectiveness of antitumor therapies. These results provide insights into nanoparticle transport within and between cells, accenting the role of EVs in facilitating this process. This knowledge possess potential for the advancement of EVs-based drug delivery systems in cancer therapy (Shang et al., 2023).
Mansur et al. (2023) developed a scalable approach for producing EVs loaded with quercetin-iron complex nanoparticles. This novel method was done by direct flow filtration, resulted in improved EVs yield compared to conventional ultracentrifugation. Characterization studies confirmed EVs morphology and standard protein markers, including ALIX, tumor susceptibility gene 101 (TSG101), CD63, and CD81. Cellular uptake experiments specified that, nanoparticle-loaded EVs had greater internalization and uniform distribution in MDA-MB-231br cells when compared with free nanoparticles. In this study, researcher’s, demonstrated the potential of direct flow filtration for scalable nanoparticle-loaded EVs production and suggests their efficiency in targeted drug delivery for advanced biomedical applications, mainly in cancer therapy (Mansur et al., 2023).
Wu M.-S. et al. (2023) delved an novel strategy to improve the therapeutic potential of nanomaterials for cancer treatment. In this study, researchers engineered EVs from modified cancer cells, changing their surface properties and microRNA-21 (miR-21) expression to improve the cancer targeting. These improved EVs encapsulated with gold-polydopamine (PDA) core-shell nanoparticles loaded with doxorubicin (Dox), glucose oxidase (GOx), and miR-21-indicative DNA tags. Upon cellular uptake, the nanoreactors released Dox, triggered GOx-catalyzed hydrogen peroxide (H2O2) generation, and consumed glucose due to the acidic pH and photothermal effect. This cascade treatment strategy, facilitated by EV-assisted delivery, offers a promising approach for improving cancer therapy, addressing biocompatibility and targeting challenges associated with nanomaterial-based treatments (Wu M.-S. et al., 2023).
In their 2018 study, Kim et al. addressed limitations in using human mesenchymal stem cell (hMSC)-derived exosomes for spinal cord injury treatment. To enhance their therapeutic potential, researchers created exosome-mimetic nanovesicles (NV-IONP) by incorporating iron oxide nanoparticles (IONPs) into exosomes from hMSCs treated with IONPs. NV-IONP acted as magnet-guided navigation tools, containing higher therapeutic growth factor levels than exosomes without IONPs. Systemic injection with magnetic guidance increased NV-IONP accumulation in the injured spinal cord, promoting blood vessel formation, reducing inflammation, and improving spinal cord function. This study represents progress in enhancing therapeutic extracellular nanovesicles for spinal cord injury therapy (Kim et al., 2018).
In their 2021 study, Jhan et al. address the challenge of creating effective combination therapies for cancer treatment. They use extracellular vesicles (EVs) as a delivery platform, engineering lipid-hybridized EVs (eEVs) to load small-interfering RNA (siRNA) and then creating an outer polyelectrolyte shell incorporating the chemotherapeutic agent doxorubicin (DOX) through layer-by-layer (LbL) assembly. These findings exposed that, stable EVs-polymer complexes (LbL-eEVs) that efficiently enters cancer cells, delivering siRNA into the cytoplasm and DOX into the cell nuclei, inducing cell death. In addition to being selective for cancer cells, LbL-eEVs minimized harm to normal tissues, making them a auspicious platform for accurate cancer treatment (Jhan et al., 2021).
Pan et al. (2023) developed siS100A4-loaded EVs modified with internalizing arginylglycylaspartic acid (iRGD), a tumor-penetrating peptide, to target S100A4 and inhibit postoperative breast cancer metastasis. These integrated nanoparticles confirmed the protection of siRNA, improved cellular uptake, and compatibility in vitro. In the in vivo model, iRGD-modified EVs exposed enhanced siRNA accumulation in lung metastatic sites, leading to a significant reduction in lung metastases and improved survival rates. In this study, researchers highlights the potential of siS100A4-iRGD-EV nanoparticles as a compelling approach to combat postoperative breast cancer metastasis, provides the hope for better treatment outcomes in breast cancer patients at risk of metastasis after surgery (Pan et al., 2023).
Wu et al. (2021) investigated the hepatocellular carcinoma (HCC)-derived EVs as nanocarriers for sequential nanocatalysts, creating glucose oxidase (GOD)-extremely small-sized iron oxide nanoparticles (ESIONs)@EVs (GE@EVs) for targeted nanocatalytic therapy against HCC. GE@EVs exploited RGD targeting for efficient intracellular delivery. These nanocatalysts encouraged a cascade of reactions in the tumor microenvironment, producing toxic hydroxyl radicals that triggered HCC cell death. In this study, researchers effectively suppressed HCC in vitro and in vivo and doubled as a contrast agent for MRI, offering valuable imaging capabilities. The study highlights the possible of EVs-based nanocatalytic therapy for HCC and validates the versatility of EVs in advanced biomedical applications (Wu et al., 2021).
Xu C. et al. (2023) examined the bone marrow mesenchymal stem cell-derived EVs (BMSC-EVs) loaded on magnetic nanoparticles for diabetic osteoporosis (DO). They identify miR-150-5p as a key player in osteoporosis and use gold-coated magnetic nanoparticles (GMNPs) to enhance BMSC-EV isolation. GMNPs combined with anti-CD63, known as GMNPE, enrich EVs in DO rat bone tissues. BMSC-EVs deliver miR-150-5p to osteoblasts, targeting MMP14 and activating the Wnt/β-catenin pathway. This activation enhances osteoblast proliferation and maturation, making GMNP-BMSC-EVs a promising strategy for diabetic osteoporosis treatment (Xu C. et al., 2023).
In their 2022 study, Li et al. tackle chemotherapy challenges in lung cancer treatment by utilizing EVs for simultaneous delivery of the anticancer drug doxorubicin (DOX) and the chemosensitizer lonidamine (LND). Two types of EVs, 16k EVs and 120k EVs, were prepared and co-delivered DOX and LND, leading to enhanced cytotoxicity and reduced drug doses in vitro. The direct fusion of EVs with cancer cell membranes enabled efficient drug delivery. In vivo studies in a mouse lung cancer model exhibited substantial anticancer activity, with smaller EVs representing improved efficiency. This co-delivery strategy possess efficiency lung cancer chemotherapy outcomes (Li H. et al., 2022).
Kim et al. (2020) addressed the challenge of targeting ischemic brain lesions in stroke treatment by emerging magnetic nanovesicles (MNVs) derived from mesenchymal stem cells (MSCs). These MNVs, carrying iron oxide nanoparticles (IONPs), were exposed to prompt developed levels of therapeutic growth factors when compared with untreated nanovesicles. MNVs are 5.1 times more effective when delivered systemically and guided to the lesion using magnetic navigation in rats with ischemic stroke. This targeted method encouraged an anti-inflammatory response, angiogenesis, and anti-apoptosis, reducing infarction volume and enhanced motor function. MNVs provides a promising strategy for attractive stroke treatment efficacy (Kim et al., 2020).
Yang Y. et al. (2021) addressed a significant challenge in osteoarthritis (OA) therapy through mesenchymal stem cell-derived small EVs (MSC-sEVs). DAHP (Diels-Alder crosslinked hyaluronic acid/PEG) hydrogel was developed as a delivery platform for MSC-sEVs, in order to improve the bioavailability and therapeutic effectiveness. The DAHP hydrogel was exposed to sustain the release of MSC-sEVs without compromising their therapeutic function in vitro and in vivo. This approach provides a promising solution for improving OA treatment by gorgeous the delivery and efficacy of MSC-sEVs, potentially advancing cell-free therapies in regenerative medicine (Yang Y. et al., 2021).
Sancho-Albero et al. (2019) discovered an novel approach in bioorthogonal catalysis, leveraging cancer-derived EVs as carriers for ultrathin palladium (Pd) nanosheets. Bioorthogonal chemistries permit the non-natural synthesis of bioactive compounds in vivo, with Pd catalysts playing a important role. In this study researchers addressed the challenge of selectively delivering catalysts to specific cell types by developing a bio-artificial device consisting of exosomes loaded with Pd catalysts. These EVs enable the controlled assembly of Pd nanosheets inside EVs. This integrated system facilitates Pd-triggered reactions in vitro and within specific cancer cells, opening new possibilities for targeted therapy, including “EVs-directed catalyst prodrug therapy” for accurate and effective cancer treatment (Sancho-Albero et al., 2019).
Li C. et al. (2022) examined the stability and bioavailability challenges of astaxanthin (AST), a potent antioxidant and anticancer compound. They developed AST@PLGA@BEVs by using broccoli-derived extracellular vesicles (BEVs) to coat AST-loaded poly (lactic-co-glycolic acid) (PLGA) nanoparticles. The optimized AST@PLGA@BEVs had a size of 191.60 ± 2.23 nm, a polydispersity index of 0.166, and a zeta potential of −15.85 ± 0.92 mV. Importantly, in vitro experiments demonstrated significantly enhanced anticancer activity compared to AST alone. This innovative approach offers improved stability and bioavailability for astaxanthin, making it a potential functional food with enhanced health benefits (Li C. et al., 2022).
In their 2019 study, Mol et al. explored the potential of injectable supramolecular ureidopyrimidinone (UPy) hydrogels as a delivery platform for extracellular vesicles (EVs). EVs, small vesicles secreted by cells, have garnered interest as promising vehicles for drug delivery and cell-free therapeutics in regenerative medicine. One challenge is achieving optimal therapeutic effects by prolonging EV exposure to target organs, and this study investigates the use of UPy-based hydrogels to address this challenge. The UPy-hydrogel is designed to undergo a solution-to-gel transition when transitioning from a high to neutral pH, enabling rapid gelation upon administration into physiological systems. The researchers demonstrate sustained release of EVs from the UPy-hydrogel over a period of 4 days, during which EVs retain their functional capacity. Importantly, in an in vivo experiment involving the local administration of fluorescently labeled EVs incorporated into a UPy-hydrogel, the EVs are still detected within the hydrogel after 3 days. In contrast, when administered without a hydrogel, the EVs are internalized by surrounding fat and skin tissue near the injection site. These findings highlight the potential of UPy-hydrogels for providing sustained release of EVs and enhancing local retention in vivo. This approach has the potential to improve therapeutic efficacy when using local delivery methods and may open up new applications in the field of regenerative medicine (Mol et al., 2019).
In their 2022 study, Zhu et al. developed a composite hydrogel-based approach for diabetic wound healing. They used gelatin methacrylate (GelMA) and silk fibroin glycidyl methacrylate (SFMA) to create a versatile hydrogel with suitable properties for sustained drug release. Resveratrol (RES) was loaded into mesoporous silica nanoparticles (MSNs) to enhance drug release, and platelet-derived extracellular vesicles (PDEVs) were added to promote cell proliferation and angiogenesis. These hydrogels demonstrated low toxicity, excellent biocompatibility, and the ability to inhibit inflammation and enhance tube formation in vitro. In diabetic mice, they reduced pro-inflammatory factors, boosted anti-inflammatory factors, stimulated angiogenesis, and accelerated wound healing. This approach shows promise for diabetic wound healing by addressing both inflammation and angiogenesis synergistically (Zhu et al., 2022).
In their 2019 study, Han et al. tackled aging-related vascular dysfunction, a complex problem with limited solutions. They uncovered microRNA-675 (miR-675) as a key player in aging-induced vascular issues. MiR-675 levels were reduced in aging muscle tissue, and its mimic reduced markers of aging in senescent cells. They confirmed miR-675’s role by targeting transforming growth factor-β1 (TGF-β1) through dual-luciferase assays. EVs from umbilical cord stem cells loaded with miR-675 were effective in rejuvenating senescent cells. These EVs were embedded in a silk fibroin hydrogel for controlled release. This approach improved blood flow in ischemic limbs and extended EVs retention. It offers promise for addressing aging-related vascular problems and other age-related complications (Han et al., 2019).
In their 2018 study, Zhang et al. aimed to boost the therapeutic potential of MSC-derived EVs for hindlimb ischemia, a condition characterized by reduced blood flow to the legs. They integrated human placenta-derived MSC-derived EVs into a chitosan hydrogel to enhance their stability, retention, and therapeutic impact. The chitosan hydrogel significantly improved EVs stability, crucial for maintaining therapeutic cargo. It also extended EVs retention in target tissues, potentially prolonging their therapeutic effects. In vitro, these EVs showed endothelium-protective and proangiogenic properties. In a murine model, the hydrogel-incorporated exosomes improved angiogenesis. This strategy may advance cell-free treatments for ischemic conditions and other diseases by enhancing EVs stability, retention, and efficacy (Zhang et al., 2018).
In their 2019 study, Pizzicannella et al. explored bone tissue regeneration through 3D printing and biomaterials enriched with gingival stem cells (GSCs) and extracellular vesicles (EVs). They used poly (lactide) (PLA) for 3D printing, creating a scaffold (3D-PLA) enriched with human gingival mesenchymal stem cells (hGMSCs) and their EVs. In vitro, they found increased expression of osteogenic and angiogenic markers in the living construct. In rats, implantation of 3D-PLA/hGMSCs/EVs stimulated bone regeneration and vascularization, confirmed by histology and microCT imaging. Upregulation of miR-2861 and miR-210, associated with osteoangiogenesis, was observed. This approach offers promise for bone tissue regeneration, driven by specific microRNAs and regenerative biomaterials (Pizzicannella et al., 2019).
In their 2018 study, Li et al. developed a novel approach to accelerate bone regeneration by creating cell-free tissue-engineered bone. They immobilized EVs from human adipose-derived stem cells (hASCs) onto poly (lactic-co-glycolic acid) (PLGA) scaffolds coated with polydopamine (pDA). These EVs, nanoscale vesicles crucial for cell communication, enhanced osteogenesis, cell proliferation, and migration of mesenchymal stem cells in vitro. Optimizing their osteoinductive effects further boosted bone formation. In mouse calvarial defects, this cell-free system significantly improved bone regeneration, attributed to EVs-induced osteoinduction and enhanced mesenchymal stem cell migration. This research offers a promising therapeutic avenue for bone tissue engineering and defect repair (Li et al., 2018).
In their 2020 study, Hamada et al. tackled the challenges of cardiac repair in chronic heart failure by developing a controlled release system using a photocurable adhesive polymer called poly (glycerol-co-sebacate) acrylate ethylene glycol (PGSA-g-EG). This polymer adheres to the heart’s surface, enabling local and sustained delivery of EVs, which play a crucial role in tissue regeneration. Importantly, the study showed that the polymer didn't compromise EV bioactivity. In rat experiments, the polymer proved biocompatible and stayed attached to the heart surface for over a month. The release kinetics of EVs from the polymer were improved, confirming the sustained delivery of bioactive EVs for at least 14 days. This novel approach provides a promising solution for controlled EVs delivery in cardiac repair, potentially improving therapy for chronic heart failure (Hamada et al., 2020).
Lv et al. (2019) introduced an innovative therapeutic approach for myocardial infarction (MI) using sEVs derived from bone marrow MSCs. In this study, researchers developed a sodium alginate hydrogel system with sEVs incorporated into it (sEVs-Gel) in order to overcome the challenges of limited retention and short-term effects of MSC-derived sEVs in the heart. This optimized system improved sEV release and rheological properties. Ex vivo imaging confirmed enhanced sEV retention in heart tissue. Functional analysis revealed reduced cardiac cell apoptosis, improved macrophage polarization, increased scar thickness, and enhanced angiogenesis after MI. Cardiac function and infarct size assessments showed superior outcomes compared to sEV treatment alone. This approach represents a promising cell-free therapy for MI (Lv et al., 2019).
In their 2019 research, Mardpour and colleagues aimed to improve hepatic regeneration in chronic liver failure using MSC-EVs. These EVs hold therapeutic potential but are rapidly cleared when systemically administered, reducing their efficacy. To address this, they developed a novel approach involving sustained EV release into the peritoneum. Clickable polyethylene glycol (PEG) macromeres were mixed with MSC-EVs to form EV-encapsulated PEG hydrogels. These hydrogels gradually released EVs as they biodegraded, extending EV accumulation in the liver over a month. In a rat model of liver fibrosis, Gel-EV treatment outperformed Free-EV, reducing fibrosis, inflammation, apoptosis, and improving liver regeneration. This study suggests that sustained EV delivery through hydrogel-mediated release could enhance their therapeutic potential for chronic liver failure (Mardpour et al., 2019).
In their 2020 study, Liu et al. investigated the enhanced therapeutic potential of MSC-EVs for acute kidney injury (AKI). They encapsulated EVs from human placental MSCs (hP-MSC-EVs) in a collagen matrix to address retention and stability issues post-transplantation. The collagen matrix significantly improved EV stability, promoted sustained release, and extended EV retention in an AKI model, as shown by Gaussia luciferase imaging. It also stimulated renal tubular epithelial cell proliferation and enhanced therapeutic effects, including angiogenesis, reduced fibrosis, and apoptosis. The study revealed that EVs partly exerted their therapeutic effects by inhibiting endoplasmic reticulum stress. This strategy holds promise for advancing cell-free regenerative medicine in AKI treatment (Liu et al., 2020).
In their 2020 study, Zhang et al. sought to enhance the therapeutic effectiveness of MSC-EVs for treating acute kidney injury (AKI). MSC-EVs offer a cell-free AKI therapy, but their limited stability and retention have been obstacles. To address this, researchers developed hydrogels with Arg-Gly-Asp (RGD) peptides, which bind to MSC-EV membranes’ integrins. RGD hydrogels improved EV retention and stability, confirmed through in vivo tracking and integrin gene knockdown experiments. When EV-RGD hydrogels were injected intrarenal into mouse models with AKI, enhanced kidney function, damage was reduced, and cell proliferation was improved. MicroRNA let-7a-5p also improved the MSC-EV’s antifibrotic effects during chronic AKI phases when RGD hydrogels were applied. Cell-free renal repair is conceivable with MSC-EVs and insights into regenerative medicine are exposed in this study (Zhang et al., 2020).
7 LIMITATIONS
The integration of nanomaterials with EVs for biomedical applications, while promising, faces several significant limitations that need to be addressed before clinical translation can be achieved. These limitations span issues related to standardization, scalability, safety, understanding of underlying mechanisms, regulatory hurdles, and ethical considerations. Addressing these challenges is essential for optimizing the efficacy of EV-nanomaterial hybrids and advancing their use in various therapeutic and diagnostic applications.
7.1 Lack of standardization and reproducibility
A fundamental challenge in the integration of EVs with nanomaterials is the lack of standardized protocols. There is no consensus on optimal methods for isolating EVs or selecting nanomaterials, and differences in experimental protocols—ranging from EV extraction methods to nanomaterial properties—result in considerable variability across studies. EVs are derived from various sources such as stem cells, tumor cells, and platelets, each with distinct biological compositions and functionalities. Nanomaterials, including liposomes, nanoparticles, and polymers, also vary widely in size, surface charge, and chemical composition, further complicating the integration process. This diversity in both EVs and nanomaterials leads to inconsistent results in terms of loading efficiency, stability, and therapeutic outcomes. Without uniform protocols for EV-nanomaterial hybridization, comparing results across different studies becomes challenging, making it difficult to establish reliable conclusions about the most effective combinations and methods (Nieuwland et al., 2022).
7.2 Scalability and large-scale production
One of the most significant barriers to the clinical translation of EV-nanomaterial hybrids is scaling up production. While small-scale studies have demonstrated the potential of these systems, there are challenges in translating these findings to clinical settings. The large-scale production of EVs with consistent quality is still in its nascent stages. The isolation of EVs from biological fluids often involves ultracentrifugation or filtration methods, which can be time-consuming, costly, and not easily scaled for clinical use. Moreover, the therapeutic properties of EVs—such as their ability to efficiently deliver cargo and maintain functionality—can degrade during large-scale production processes. Ensuring that the high yield of EVs retains its therapeutic properties is critical for maintaining their efficacy in clinical applications. Furthermore, maintaining the functionality of the hybrid system during large-scale manufacturing, particularly the stability of the nanomaterials integrated with EVs, remains a significant challenge. This makes the standardization of large-scale production methods essential for the successful clinical translation of these therapies (Paganini et al., 2019).
7.3 Safety concerns:- toxicity and immunogenicity
The safety of EV-nanomaterial hybrids is a major concern that needs to be addressed before their clinical application. While EVs are generally considered biocompatible due to their natural origin, the incorporation of nanomaterials can introduce risks related to toxicity, immune responses, and long-term side effects. Nanomaterials, particularly metallic nanoparticles, have been shown to elicit immune responses, cause oxidative stress, and potentially lead to tissue toxicity. The combination of nanomaterials with EVs could exacerbate these effects, as the nanomaterials may induce inflammation, alter cell signaling, or affect the stability of the EVs themselves. Moreover, the potential for accumulation of nanomaterials in non-target organs over time raises concerns about chronic toxicity. Understanding the dose-response relationships, tissue distribution, and long-term effects of these hybrid systems is crucial to assess their safety. Additionally, ensuring that the hybrid systems do not provoke unwanted immune responses, such as hypersensitivity or autoimmune reactions, is critical for their clinical success (Worthington and Hagood, 2020).
7.4 Incomplete understanding of EV-nanomaterial interactions
Another limitation is the incomplete understanding of the mechanisms underlying EV-nanomaterial interactions. The efficiency with which nanomaterials are loaded into EVs, their stability within the vesicles, and the ability of the hybrid system to efficiently deliver therapeutic cargo to target tissues depend on a complex interplay of biochemical and physical factors. For example, the surface properties of nanomaterials, such as charge and size, play a significant role in determining the efficiency of cargo loading into EVs and their cellular uptake. However, the molecular mechanisms governing these interactions remain poorly understood. Factors such as the affinity between the nanomaterial and the EV membrane, the loading capacity of different nanomaterials, and the potential for disrupting the native properties of EVs are areas that require further investigation. A deeper understanding of these mechanisms will allow for better design and optimization of EV-nanomaterial hybrids, improving their therapeutic efficacy (van Niel et al., 2022).
7.5 Regulatory challenges
The lack of clear regulatory guidelines for EV-nanomaterial hybrids remains a major obstacle to their clinical translation. Regulatory bodies such as the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) have yet to establish comprehensive frameworks for the approval of nanomaterial-based therapies. This creates uncertainty regarding the requirements for preclinical and clinical testing, safety evaluations, and manufacturing standards. The complexity of EV-nanomaterial hybrids—being a combination of biologically derived materials and engineered nanomaterials—adds an extra layer of complexity to the regulatory process. Regulatory agencies must determine the appropriate criteria for assessing the quality, safety, and efficacy of these systems, considering both their biological and engineered components. Furthermore, ensuring consistency in batch production, controlling for variability in both EVs and nanomaterials, and establishing reproducible safety profiles are essential for obtaining regulatory approval. As the field progresses, there is an urgent need for clear, standardized guidelines for the clinical development of EV-nanomaterial hybrid therapies (Chua et al., 2022).
7.6 Limited therapeutic persistence
While EV-nanomaterial hybrids show great promise for targeted drug delivery, their therapeutic potential is often limited by the short half-life of EVs in circulation. EVs are naturally cleared from the body quickly, primarily through interactions with the mononuclear phagocyte system (MPS), which reduces their efficacy for systemic drug delivery. Although surface modifications, such as PEGylation or the incorporation of stabilizing nanomaterials, can prolong the circulation time of EVs, achieving sustained therapeutic efficacy remains challenging. Strategies to enhance the persistence of EVs in circulation, such as modifying their surface properties to reduce immune recognition or designing nanomaterial-based carriers to shield EVs from clearance, are actively being explored. However, these strategies are still in early stages, and the long-term effects of such modifications need thorough investigation to ensure that they do not compromise the EVs’ natural properties or induce adverse immune reactions (Pirisinu et al., 2022).
7.7 Ethical and privacy concerns
As with any novel therapeutic approach, ethical considerations must be carefully addressed when developing EV-nanomaterial hybrid therapies. These therapies involve modifying biological materials, which raises questions about informed consent, patient privacy, and the long-term implications of using genetically modified or engineered materials in humans. Ethical concerns also extend to the collection and use of human-derived EVs, particularly in terms of privacy and consent for their use in research or clinical applications. Additionally, the introduction of nanomaterials into the body, particularly those that may accumulate over time, raises potential concerns about unintended consequences. Regulatory bodies will need to consider these ethical issues in developing frameworks that ensure the responsible use of EV-nanomaterial hybrids in clinical settings (Hagey and El Andaloussi, 2023).
These limitations underscore the complexity of integrating nanomaterials with EVs for advanced biomedical applications and highlight areas requiring further research and collaboration to overcome these challenges.
8 EMERGING TRENDS IN EV-NANOMATERIAL RESEARCH
Emerging trends in EV-nanomaterial research indicate significant advancements in the integration of AI and machine learning (ML) to accelerate the design and optimization of hybrid systems. AI-driven computational models are increasingly being used to predict the behavior of EVs and nanomaterials at the molecular level, enabling more efficient selection of nanomaterials based on specific properties such as size, surface charge, and targeting capacity. Machine learning algorithms can analyze large datasets to identify patterns that may not be immediately apparent, helping to streamline the discovery of novel nanomaterial-EV combinations.
Furthermore, AI has the potential to revolutionize the customization of EV-based drug delivery systems. By combining AI with high-throughput screening techniques, researchers can rapidly identify the most effective formulations for therapeutic delivery, based on factors like cargo loading efficiency, stability, and cellular uptake. In addition, AI can assist in predicting and mitigating the potential toxicity or immunogenicity of these hybrid systems, which is a major concern in their clinical translation.
Additionally, the future of EV-nanomaterial hybrids may involve the incorporation of advanced nanofabrication techniques, such as 3D printing, to create more complex, multifunctional systems. These advances could pave the way for more personalized and scalable therapeutic options, particularly in areas such as cancer treatment, regenerative medicine, and gene therapy.
By integrating AI and other cutting-edge technologies, the future of EV-nanomaterial hybrids looks promising, offering enhanced efficiency, precision, and safety in drug delivery and biomedical applications. We believe this addition significantly enriches the manuscript by providing insight into the exciting potential of AI in shaping the next-generation of EV-based therapies.
9 FUTURE PERSPECTIVES
The integration of nanomaterials with EVs offers exhilarating potentials for advanced biomedical applications. As a result of this synergy, healthcare can be transformed and innovative advances made. One of the most promising future prospects is the expansion of highly targeted therapies using EVs-nanomaterial hybrids. Researchers are actively developing the engineered EVs to carry specific cargo molecules, like drugs or nucleic acids, and functionalizing nanomaterials to enhance targeting. This innovative approach could be transformed into cancer treatment, delivering drugs precisely to tumors while minimizing side effects. It may also possess efficacy treatments for other diseases, such as neurodegenerative disorders and cardiovascular conditions. Personalized medicine is another boulevard that, this integration could unlock. By leveraging the diversity of EVs and tailoring nanomaterials properties, clinicians might create modified therapies for individual patients. This could involve selecting EVs from specific cell sources, engineering them with patient-specific cargo, and optimizing nanomaterials for improved targeting, resulting in more operative and safer treatments.
EVs have exposed promise as vehicles for vaccines. In the future, EVs-based vaccines using nanomaterials to enhance the stability and immune responses. EVs could carry viral antigens, making them ideal for vaccine delivery. Nanomaterials could optimize the vaccine formulation and delivery, possibly leading to more operative and easily administered immunization strategies. Regenerative medicine can be benefited significantly from EVs-nanomaterial hybrids. Researchers are discovering these hybrids to excite tissue repair and regeneration. By designing nanomaterials that mimic the extracellular matrix and loading EVs with regenerative cargo, this method could encourage the healing of damaged tissues, such as cartilage, bone, and nerves, providing new hope for treating injuries and degenerative diseases. The integration of nanomaterials with EVs also provides new potentials in diagnostics and medical imaging. Researchers are emerging the EVs-based biosensors and imaging agents for real-time disease monitoring. This innovative approach revolutionize early disease detection, leading to more effective and personalized healthcare.
Future research will likely focus on refining the use of EV-nanomaterial hybrids for drug delivery. Improving cargo loading efficiency, extending EV circulation time, and enhancing stability are key objectives. Nanomaterials can play a pivotal role in achieving these goals through various approaches, ultimately leading to more efficient and safer drug delivery systems for a wide range of diseases. Combining the unique properties of EVs and nanomaterials may enable the development of multimodal therapies. These therapies could incorporate various treatment strategies into a single platform. EVs, as versatile carriers, and engineered nanomaterials could facilitate multiple therapeutic approaches simultaneously, particularly valuable for complex diseases requiring a multifaceted approach. Addressing scalability is a crucial future perspective for this field. Researchers are actively exploring innovative manufacturing techniques to produce EVs and nanomaterials at larger scales while maintaining quality and reproducibility. Scalable production methods are essential to translating EV-nanomaterial therapies from the lab to clinical practice effectively. As EV-nanomaterial-based therapies progress toward clinical use, regulatory and ethical considerations will become increasingly important. Regulatory agencies will need to establish clear guidelines for evaluating the safety and efficacy of these novel treatments. Ethical discussions should continue to ensure responsible development and equitable access to these advanced biomedical applications.
The synergistic integration of nanomaterials with extracellular vesicles represents a promising frontier in biomedical research and applications. Future prospects include highly targeted therapies, personalized medicine, EV-based vaccines, regenerative medicine, diagnostics, drug delivery optimization, multimodal therapies, advancements in manufacturing, and regulatory and ethical considerations. Collaborative research energies among researchers, clinicians, industry partners, and regulatory bodies are essential to realizing the full potential of this novel field. With continued research and innovation, EVs-nanomaterials hybrids possess the promise of revolutionizing healthcare and improving patients’ lives worldwide.
10 CONCLUSION
The integration of nanomaterials with EVs signifies a highly promising frontier in advanced biomedical research. This synergistic approach provides exciting prospects, including highly targeted therapies, personalized medicine, regenerative medicine, improved diagnostics, efficient drug delivery, multimodal therapies, scalable production methods, and ethical regulatory considerations. The possible impact of EVs-nanomaterials hybrids on healthcare is substantial. They have the capability to revolutionize treatment strategies, efficacy patient outcomes, and allow the tailored therapies for a range of diseases. Nevertheless, addressing existing limitations such as scalability, cargo loading efficiency, and regulatory challenges is crucial to realizing these probabilities. Research collaboration among researchers, clinicians, industry partners, and regulatory bodies will be crucial for the responsible development and equitable access to these innovative biomedical applications. With ongoing research and innovation, EVs-nanomaterials hybrids possess the promise of transforming the landscape of healthcare, enlightening patient wellbeing, and advancing the field of medicine.
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Description

Mesenchymal Stem Cells (MSCs) Release regenerative EVs with growth factors and immune-
modulatory molecules

Immune Cells Dendritic cells, macrophages, T cells, and B cells produce
EVs influencing immune responses and antigen
presentation

Cancer Cells Cancer cells emit tumor-derived EVs, aiding tumor growth

and metastasis

Neurons and Glial Cells Central nervous system cells release EVs for synaptic
signaling, neuroprotection, and neurodegenerative disease
spread

Endothelial Cells EVs from these cells affect vascular homeostasis,

inflammation, and endothelial dysfunction

Cardiomyocytes Cardiac EV' (exosomes, microvesicles) play roles in cardiac
health and regeneration

Epithelial Cells ‘They release EVs involved in tissue repair, immune
responses, and intercellular signaling

Adipocytes Adipose tissue-derived EVs affect metabolic regulation and
obesity-related issues

Platelets Platelet EVs, called microparticles, participate in
hemostasis, thrombosis, and inflammation

Hepatocytes Liver cells release EVs relevant to liver diseases
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Placental Cells Syncytiotrophoblast-derived exosomes play roles in fetal

development and maternal-fetal communication
Stem Cells Various stem cell types release EVs with regenerative
potential

Adipose Tissue-Derived Stromal Cells (ASCs) A subtype of stem cells, ASCs release therapeutic EVs

Nair and Salomon (2020)

Haque et al. (2022)

Ritter et al. (2022)

Circulating Blood Cells Red and white blood cells release EVs affecting immune
responses, clotting, and vascular health

Thangaraju et al. (2020)

Ciliated Cells Respiratory tract cilited cells release EVs with roles in
‘mucociliary clearance and respiratory defense

Plant Cells Nearly all plant cells release EVs, facilitating cell-to-cell
communication, nutrient transport, and defense responses

Leaf Cells They emit EVs crucial for transporting phytohormones,
nutrients, and secondary metabolites

Root Cells Root cell-derived EVs participate in nutrient uptake,
transport, and signaling during symbiotic interactions

Kalininskiy et al. (2021)

Borniego and Innes (2023)

Song et al. (2023)

Cai et al. (2021)

Pollen Cells Pollen cell EVs are involved in pollen tube growth and
fertilization
Seed Cells Seed cell EVs transport nutrients and information during

sced development and germination

Phloem Sieve Elements ‘These cells produce EVs contributing to systemic signaling
and stress responses

Root Nodules In leguminous plants, nodule cells release EVs involved in
nutrient exchange with nitrogen-fixing bacteria

Pathogen-Infected Cells Infected plant cells release EVs as part of their defense,
potentially carrying antimicrobial compounds

Stress-Induced EVs Plants produce EVs in response to environmental stresses,
aiding in stress adaptation

Yu et al. (2023)

Girija et al. (2023)

Notaguchi et al. (2022)

Dicenzo et al. (2020)

Zhou et al. (2022a)

Bhattacharya and Kundu (2020)

Xylem Cells Xylem cell EVs play roles in long-distance signaling Rogo et al. (2023)

Reproductive Tissues Ovules, embryos, and pollen cells release EVs during Bayat et al. (2021)
reproduction

Algal Cells Some algae also produce EVs, likely involved in Silachev (2023)

communication and responses to environmental
conditions
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Biogenesis mechanism

Exosomes

Microvesicles (Microparticles
or Shedding Vesicles)

Apoptotic Bodies

Exosomes are the smallest of the three major EV types,
typically ranging from 30 to 150 nm in diameter. They are
produced by endosomes. The process begins with the
formation of early endosomes, which mature into
mulivesicular bodies (MVBs) containing intraluminal
vesicles (ILVs). These ILVs are ultimately released as
exosomes when MVBs fuse with the cel’s plasma membrane

Microvesicles are larger than exosomes, typically ranging
from 100 to 1,000 nm. They are produced by direct outward
budding and fission of the cel’s plasma membrane. This
process is triggered by various cellular stimuli, including
calcium influx, cytoskeletal rearrangements, and activation of
certain enzymes

Apoptotic bodies are the largest among the three types, with
diameters exceeding 1,000 nm. They are produced during
programmed cell death (apoptosis). As a dying cell undergoes
apoptosis, it fragments into apoptotic bodies, which contain
various cellular components, including organelles and
deosyribonucleic acid (DNA) fragments. These apoptotic
bodies are subsequently engulfed and cleared by phagocytic
cells

30-150 nm

100-1,000 nm

>1,000 nm

Endosomal pathway: Formation of early endosomes,
maturation into MVBs, and release of ILVs as exosomes
upon fusion with the cell's plasma membrane

Plasma membrane budding and fission: Direct outward
budding and fission of the cell's plasma membrane, triggered
by various cellular stimuli

Programmed cell death (apoptosis): Formation of apoptotic
bodies as dying cells undergo apoptosis, containinga variety
of cellular components and DNA fragments. These bodies
are subsequently engulfed and cleared by phagocytic cells
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EVs
Sources

MSC

Natural
grapefruit

Genetically
engineered
mammalian cells

Macrophages

Neuro2A cells

Leaf extract of

Phyllanthus

niruri-apoplastic
fluid

SCCY cells

MSC

Bacterial cultures

MDA-MB-
231 cells

Ginger

Macrophage

KB cell line

4TI cells

Breast cancer
cells

Engineered
cancer cells

MSC

Engineered lipid-
hybridized EVs

iRGD-
modified EVs

Hepatocellular

carcinoma cells

MSC

Non-small cell

lung carcinoma
cells

MSC

MSC

Non-small cell
lung carcinoma
cells

Broccoli

Bone marrow
cells

Platelet cells

MSC

MSC

MSC

Human adipose-
derived stem cells

Human Induced
Pluripotent Stem
Cells

MSC

MSC

MSC

MSC

Materials

Gelatin-based hydrogels

Heparin-based
nanoparticles (DNs) with
doxorubicin

Gold nanoparticles
(AuNPs)

Superparamagnetic iron
oxide nanoparticles
(SPIONs) and
curcumin (Cur)

Nanobodies specific for
epidermal growth factor
receptor (EGFR)
conjugated to
phospholipid (DMPE)-
PEG derivatives

Leaf extract of Phyllanthus
niruri (GS-AgNP-LEPN)

Chrysin and gold
nanoparticles (AUNPs)

Heat shock proteins 70
(HSP70) highly expressed
EVs encapsulated with Te
nanoparticles (Te@
EVSHSP70)

PEGylated Mo$2-ZnO
(MZ) nanocomposite
cloaked with Lactobacillus
paracasei-derived
extracellular vesicle
(LPEV)

Biomimetic nanoparticle
platform for systemic and
intracellular delivery of
proteins

Electrodynamic Pd-Pt
nanosheets

Tumor-targeting folate
(FA)-modified EVs with
protoporphyrin X (PpIX)
and doxorubicin (DOX)

Zinc oxide (Zn0)
nanocrystals

Cationic polymer
‘nanoparticles (cNPs)

Quercetin-iron complex
nanoparticle-loaded EVs

Gold-polydopamine
(PDA) core-shell
nanoparticles decorated
with doxorubicin (Dox),
glucose oxidase (GOx),
and miR-21-indicative
DNA tags

Iron oxide nanoparticle
(IONP)-incorporated
exosome-mimetic
nanovesicles (NV-IONP)

Layer-by-layer (LbL)
assembly for
incorporation of
doxorubicin (DOX)

5i$100A4-loaded iRGD-
‘modified EVs (siS100A4-
iRGD-EVs)

Gold oxide nanoparticles
(GOD-ESIONS@EVs)

‘GMNPs decorated with

poly(ethylene glycol)
(PEG)-aldehyde (CHO)

Doxorubicin (DOX) and
lonidamine (LND)

Iron oxide nanoparticles
(IONP)-harboring MSC

Diels-Alder crosslinked
hyaluronic acid/PEG
(DAHP) hydrogel

Palladium (Pd) catalysts

Poly (lactic-co-glycolic
acid) (PLGA)
encapsulated astaxanthin
(AST@PLGA)
nanoparticles

Ureido-pyrimidinone
(UPy) units coupled to
poly(ethylene glycol)

chains (UPy-hydrogel)

Resveratrol (RES)-loaded
MSNs

Not specified

Not specified

Poly(lactide) (3D-PLA)

Poly(lactic-co-glycolic
acid) (PLGA) scaffolds

Poly(glycerol sebacate)
acrylate-based polymers

Sodium alginate hydrogel

Clickable polyethylene
glycol (PEG) macromeres

Collagen matrix

RGD hydrogels

Preparation

methods

Embedding hybrid EVs-
liposome (hEL) NVs in
gelatin-based hydrogels

Patching DN onto the
surface of EVs

Surface modification of
AuNPs using mechanical
method or extrusion with
brain-targeted exosomes

Loading SPIONs and Cur
into exosomes, followed
by conjugation with
neuropilin-1-targeted
peptide (RGERPPR,
RGE) using click
chemistry

Decorating EVs with
nanobody-PEG-lipids to
confer targeting
specificity

Green synthesis method
using LEPN as a reducing
and capping agent;
Encapsulation of GS-
AgNP-LEPN in EVs
(nanovesicles) from
apoplastic fluid (APF)

Synthesis of EVs
containing chrysin;
Carrying AuNPs by EVs
(Au-EVs)

Tumor cells used as
bioreactors for
intracellular synthesis of
‘Te nanoparticles; NIR
irradiation to upregulate
HSP70 expression and
exocytosis for engineered
Te@EVSHSP70

Characterization of MZ
nanocomposite; Coating
of MZ with LPEV;
Antibacterial activity
against Staphylococeus
aureus; Mechanisms of
action; Biocompatibility
and selectivity

Caging guest proteins in
‘metal-organic
frameworks (MOFs);
Decoration with EV
‘membran
in vivo studies; Tumor
growth inhibition

In vitro and

Integration of Pd-Pt
nanosheets and ginger-
derived EVs; Prolonged
blood circulation and
accumulation at infection
sites; EV lipid-dependent
entry into bacteria;
Sustainable ROS
generation; Synergistic
electrodynamic and
photothermal therapy

In situ biosynthetic
approach for drug
encapsulation in EVs;
High drug-loading
efficiency with minimal
perturbations; Enhanced
accumulation and
penetration in tumors;
Strengthened immune
response

Encapsulation of ZnO
nanocrystals in
extracellular vesicles;
Biomimetic and stable
Trojan nano-horses
(TNHs)

Formation of cNP@EVs
through exocytosis;
Autophagy-mediated
exocytosis; Intercellular
transportation of
nanoparticles; Enhanced
penetration and
antitumor activity

Preparation of
nanoparticle-loaded EVs
using direct flow
filtration;
Characterization of
loaded EVs; Protein
‘marker analysis; Cellular
uptake studies

Extraction of EVs with
surface N-glycans cut and
intracellular microRNA-
21 (miR-21) silenced
from engineered cancer
cells; Coating of gold-
PDA nanoparticles with
EVs; Loading of Dox,
GOx, and miR-21-
indicative DNA tags

Fabrication of NV-IONP
from TONP-treated
hMSCs; Increased
therapeutic growth factor
content; In vivo systemic
injection with magnetic
guidance

Loading of siRNA into
€EVS; Incorporation of
DOX via LbL assembly

Engineering of siS100A4-
iRGD-EVs nanoparticles;
Protection of sIRNA from
RNase degradation;
Enhanced cellular uptake;
Attenuation of lung
metastases in breast
cancer model

Surface engineering of
EVs for sequential
nanocatalysts; Active
targeting with arginine-
glycine-aspartic acid
(RGD); Intracellular
endocytosis; Stimulation
of apoptosis and necrosis
via ROS generation

Construction of GMNPs;
Isolation of BMSC-EVs;
Selection of miR-150-5p;
DO rat model;
Preparation of GMNPE;
Co-culture with
osteoblasts; Promotion of
osteogenesis; Enhanced
delivery of miR-150-5p to
osteoblasts

Loading of DOX and
LND into EVs; Enhanced
cytotoxicity and reduced
drug dose; Direct fusion
of EVs with cancer cell
membranes; Synergistic
effects on cancer cell
proliferation inhibition

Preparation of MNV
from IONP-treated MSC;
Enhanced therapeutic
growth factor content;
Targeting to ischemic
lesion; Promotion of anti-
inflammatory response,
angiogenesis, and anti-
apoptosis; Improved
therapeutic outcome

Development of injectable
DAHP hydrogel;
Sustained release of MSC-
SEVs; Enhanced
therapeutic functions of
SEVs; Improved efficacy
for osteoarthritis (OA)
treatment

Loading of Pd nanosheets
into cancer-derived
exosomes; Pd-triggered
dealkylation reactions;
Preferential tropism for
cancer cells

Preparation of AST@
PLGA nanoparticles;
Coating with BEVs;
Optimization of drug
loading (DL);
Characterization of AST@
PLGA@BEVs
nanoparticles; In vitro
anticancer activity
evaluation

Use of UPy-hydrogel asa
delivery platform for EVs;
Measurement of
sustained EV release;
Functional capacity of
released EVs; In vivo
administration and EV
retention evaluation

Synthesis of GelMA/
SEMA composite
hydrogels; Loadingof RES
into MSNs; Combination
with PDEVS; In vitro
biocompatibility and
functional studies;
Diabetic mouse wound
model and therapeutic
evaluation

Identification of aging-
induced vascular
dysfunction mechanism;
‘Therapeutic effect of miR-
675; Encapsulation of
exosomes in silk fibroin
hydrogel; In vitro and

in vivo studies for
functional evaluation

Enhancement of stability
and retention of exosomes
in chitosan hydrogel;
Evaluation of
endothelium-protective
and proangiogenesis
abilities in vitro;
Therapeutic effects in a
murine hindlimb
ischemia model

3D printing of PLA with
hGMSCs and EVs;
Evaluation of osteogenic
and angiogenic marker
expression in vitro;
Implantation in rat
calvaria defects;
Histological and MicroCT
analysis

Immobilization of
exosomes on PLGA/pDA
scaffolds; In vitro
assessment of effects on
osteogenic, proliferation,
and migration
capabilities; In vivo
evaluation in a mouse
calvarial defect model

Design of a controlled
release system for EVs
delivery to the cardiac
tissue; Evaluation of
polymer biocompatibility
and release kinetics;
Development of freeze-
dried EV formulations for
controlled release; Release
of bioactive EVs for an
extended period of time

Determination of optimal
alginate hydrogel for SEVs
release and rheologys
Evaluation of sEVs
retention in the heart

ex vivos Analysis of
immunoregulation and
angiogenesis effects;
Assessment of cardiac
function and infarct size
after myocardial
infarction

Formation of EV-
encapsulated PEG
hydrogels via click
reaction; In vivo tracking
of labeled EVs; Evaluation
of antifibrosis, anti-
apoptosis, and.
regenerative effects in rat
‘model of chronic liver
fibrosis

Encapsulation of EVs in
collagen matrix;
Evaluation of EV stability
and release; Assessment
of EV retention in AKI
model; Investigation of
therapeutic effects in AKI
model

Development of RGD
hydrogls to enhance EV
efficacy; In vivo tracking
of labeled EVs;
Assessment of EV-

hydrogel interaction;

Evaluation of therapeutic
effects in AKI models

Disease

Tissue regeneration

Glioma

Brain targeting

Glioma

Tumor cells

Citrus canker

Tongue squamous cell
carcinoma (TSCC)

‘Tumor photothermal
therapy triggering
improved
immunotherapy

Antibacterial activity
against Staphylococeus
aureus

Intracellular delivery of
biofunctional enzymes
or therapeutic proteins

Anti-infective therapy

Photochemotherapy

Cancer theranostics

Nanoparticle-cell

interactions

Drug delivery and
tracking after delivery

Cancer cell targeting
and killing

Spinal cord injury
treatment

Cancer therapy

Postoperative breast
cancer metastasis
prevention

Hepatocellular
carcinoma treatment

Diabetic
osteoporosis (DO)

Lung cancer

Ischemic stroke

Osteoarthritis (OA)

Cancer

Anticancer

Regenerative medicine

Diabetic wounds

Aging-induced
vascular dysfunction
(Mouse model)

Hindlimb ischemia

Osteoangiogenesis
commitment

Bone regeneration

Chronic heart failure

Myocardial infarction

Chronic Liver Failure

Acute Kidney
Injury (AKI)

Acute Kidney
Injury (AKI)

In vitro

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro

In vitro
and in
vivo

In vitro
and in
vivo

In vitro

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

In vitro

In vitro
and in
vivo

In vitro
and in
vivo

In vitro
and in
vivo

Applications

Efficient delivery of
microRNAs (miRNAs)
for gene expression
regulation in 3D
bioprinted tissues

Drug delivery and

antiglioma efficacy
eenhancement

Targeted delivery to
brain cells for
theranostic applications

Glioma-targeted
exosomes with imaging
and therapeutic
functions for diagnostic
and therapeutic
purposes

Improved cell-specific
drug delivery and
prolonged circulation
time for EVs

Potential treatment for
citrus canker

Potential TSCC
treatment with Au-EVs

Multifunctional EVs-
based drug delivery
system for
photothermal-triggered
tumor immunotherapy

Development of
synergistic
nanoantibiotics

Systemic and
intracellular delivery of
proteins

Biomimetic
nanoparticles for anti-
infective therapy

Biomedicine
applications of
biosynthetic EVs

Biomimetic platform
for nanotheranostics

Clinical application of
EV-mediated
nanoparticle
transportation

Production of
nanoparticle-loaded
EVs and cellular uptake
studies

Targeted and cascaded
cancer cell killing

Repairinginjured spinal
cord

Targeted delivery of
multiple therapeutics
for cancer treatment

Preventing
postoperative breast
cancer metastasis

‘Therapeutic
nanocatalytic treatment
of hepatocellular
carcinoma

Drug delivery for
diabetic osteoporosis
prevention

Enhanced lung cancer
treatment

Improved treatment for
ischemic stroke

Sustained delivery for
OA therapy

Targeted therapy for
cancer using exosome-
directed catalyst
prodrug therapy

Drug delivery for
anticancer therapy

Local delivery of EVs
for regenerative
medicine

Wound dressings for
diabetic wound
treatment

Local delivery of
exosomes to prevent
aging-induced vascular
dysfunction

Local delivery of
exosomes for hindlimb
ischemia treatment

Bone tissue
regeneration

Bone tissue engineering

Cardiac repair

Cell-free therapy for
myocardial infarction

Hepatic Regeneration

Experimental AKI
Treatment

Kidney Repair
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Descriptiol

EVs serve as messengers that transport bioactive molecules such as proteins, lipids, nucleic acids (DNA,
ribonucleic acid (RNA), and microRNAS), and metabolites between cells. They facilitate the exchange of
information and regulatory signals, influencing recipient cell behavior

EVs derived from immune cells, such as dendritic cells and T cells, play a significant role in immune responses.
‘They can cither stimulate or suppress immune reactions, depending on their cargo and context

EVs contribute to tissue repair and regeneration by delivering growth factors and signaling molecules to target
cells. Stem cell-produced EVs, for instance, have regenerative potential

Certain EVs comprise antimicrobial factors and can be intricately involved in the immune response against
infections

In cancer, EVs are involved in tumor growth, metastasis, and immune evasion. Furthermore, they are capable
of carrying oncogenic cargo, promoting angiogenesis, and altering the tumor microenvironment

EVs are involved in neuronal signaling, synaptic plasticity, and the spread of pathological proteins in
neurodegenerative diseases and disorders

Various diseases, including cancer and neurodegenerative disorders, have been linked to EVs as potential
biomarkers. Hence, they are also being explored as drug delivery vehicles for targeted therapy
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Endosomal Sorting Complexes Required for Transport
(ESCRT)

Lipid Rafts and Tetraspanins

Ceramide and Sphingolipids

Small GTPases

ESCRT is critical for EVs biogenesis in many cell types. It comprises various protein
complexes (ESCRT-0, -1, -II, and -I1I) that recognize and sequester specific cargo into
intraluminal vesicles (ILVs) within multivesicular bodies (MVBs). ESCRT-II is

responsible for vesicle scission and release of ILVs as exosomes into the MVB lumen

Lipid rafts, cholesterol-rich membrane microdomains, and tetraspanins (e.g, CD9,
CD63, CD8I) are involved in EV biogenesis, particularly exosomes. They assist in
sorting specific cargo into EVs and the budding process

Ceramide-enriched membrane domains and sphingolipids contribute to EV budding.
‘The generation of ceramide in the plasma membrane induces membrane curvature,
facilitating vesicle budding

Proteins like Rho GTPases (e.g. RhoA, Cdc42, ARF6) regulate cytoskeletal dynamics
and membrane remodeling for EV biogenesis. They influence vesicle budding and
release

Cruz Camacho et al.
(2023)

Dixson et al. (2023)

Peeters et al. (2022)

Hu et al. (2020)

Calcium Signaling

Phospholipids and Phosphoinositides

Tetraspanin-Enriched Microdomains (TEMs)

Protein Sorting Machinery

Regulation by Cellular Stress and Signaling

Autophagy Machinery

pH and Ton Channels

Intracellular calcium levels can modulate EV secretion. Calcium-dependent enzymes,
such as calpain and scramblase, play roles in membrane remodeling and vesicle
shedding

Specific phospholipids and phosphoinositides (e.g, PS, PI3P) contribute to membrane
curvature and EV formation

TEMs serve as platforms for the assembly of protein complexes involved in EV
biogenesis, cargo sorting, and membrane scission

Proteins involved in cargo sorting, such as the endosomal protein ALIX and the
syndecan-syntenin-ALIX pathway, select specific cargo for incorporation into EVs

Cellular stressors like hypoxia, oxidative stress, and inflammation can stimulate or
modulate EV production. Signaling pathways like mTOR, p53, and HIF-1a influence
EV formation in response to cellular stress

Autophagy-related proteins, particularly during microautophagy, contribute to the
formation of EVs containing specific cargo targeted for degradation

Changes in intracellular pH and ion channel activity can influence EV formation and
secretion
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Skotland et al. (2020)

Teng and Fussenegger
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