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Abstract: Extracellular vesicles (EVs) are nanoscale carriers mediating intercellular communication via proteins, nucleic acids, and 
lipids. Concurrently, diverse nanomaterials (NMs) with tunable properties have emerged. Bidirectional interactions between NMs and 
EVs impact disease pathogenesis, diagnostics, and therapeutics. With translational relevance, NMs’ physicochemical features (size, 
charge, coatings) modulate EV release, cargo enrichment (proteins, miRNAs, lipids), and downstream processes including immune 
regulation, angiogenesis, and tumor microenvironment remodeling. Conversely, EVs internalize NMs, inducing oxidative stress, 
inflammation, or apoptosis. However, while NMs’ regulatory effects on EVs is well-characterized, the mechanisms of EVs- 
mediated NMs internalization, processing, and redistribution remain poorly understood—an asymmetry defining research priorities. 
Unresolved controversies persist—microenvironment-dependent immune effects, inconsistent cargo alterations, and the impact of EVs 
heterogeneity. This review synthesizes current knowledge on mutual NMs-EVs influences, emphasizing NMs-regulated EVs biogen
esis/cargo/function and EVs uptake/response to NMs. We introduce the “NMs-EVs regulatory axis”—a bidirectional, dynamic 
network where NMs and EVs mutually shape function across molecular, cellular, and tissue levels, moving beyond linear carrier 
views. These interactions enable hybrid platforms for drug delivery, imaging, and diagnostics, positioning the NMs-EVs axis as 
a frontier in nanomedicine for precision therapeutics. 
Keywords: intercellular communication, biosynthesis regulation, cargo remodeling, immune modulation, theranostic platforms, 
nanotoxicology

Introduction
Extracellular vesicles (EVs) are lipid bilayer-enclosed, non-self-replicating nanoscale particles that are widely present in 
various cell types and their secreted bodily fluids, including blood, urine, saliva, cerebrospinal fluid, and breast milk.1,2 

According to the latest recommendations of the International Society for Extracellular Vesicles (ISEV), the subtyping of 
EVs still faces methodological challenges. Although EVs are traditionally classified based on size and biogenesis 
pathways into exosomes (30–150 nm), micro-vesicles (100–1000 nm), and apoptotic bodies (>1 um), current isolation 
techniques struggle to achieve absolute purification of each subtype, and there is overlap in size and shared markers 
among different subtypes. Based on their biogenesis pathways and size, EVs are typically classified into three categories. 
The first category consists of exosomes (30–150 nm) originating from the endosomal pathway, which are released after 
fusion of multivesicular bodies (MVBs) with the plasma membrane.2,3 Additionally, microvesicles (100–1000 nm) are 
formed by direct budding from the plasma membrane, and apoptotic bodies (>1 μm) originate from the fragmentation of 
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the plasma membrane during apoptosis.4 EVs serve as information nanocarriers for intercellular communication, capable 
of transporting various functional molecules such as proteins, lipids, DNA, mRNA, and miRNA between different cell 
types and tissues, thereby participating in a wide range of physiological and pathological processes.4 In the immune 
system, EVs can exert dual effects of immune promotion or suppression by presenting antigens, regulating cytokine 
secretion, and altering the activation state of immune cells.5 In the tumor microenvironment, tumor-derived EVs can 
promote angiogenesis, inhibit immune cell killing functions, and create conditions for tumor metastasis by remodelling 
the matrix and inducing the pre-metastatic microenvironment in distant organs.5 Additionally, EVs play important roles 
in the development of neurodegenerative diseases, cardiovascular diseases, metabolic diseases, and others.5,6 Due to their 
stable presence in bodily fluids and their molecular characteristics reflecting cellular states, EVs are emerging as 
important candidate biomarkers for liquid biopsy and demonstrate potential in overcoming delivery barriers such as 
the blood-brain barrier (BBB). Despite their functional versatility, EVs exhibit remarkable heterogeneity in size, 
molecular cargo, membrane composition, and cellular origin. This heterogeneity, while biologically meaningful, poses 
significant challenges for studying NMs-EVs interactions: different EVs subpopulations may respond differently to NMs 
exposure, and bulk analysis of mixed EVs populations can obscure subtype-specific effects or even lead to conflicting 
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conclusions. It is imperative to comprehend the manner in which NMs-EVs interactions are modulated by EVs 
heterogeneity to accurately interpret experimental data and promote the advancement of translational applications.

In recent years, the rapid development of nanomaterials (NMs) has provided multidimensional tools and strategies for 
life sciences and medical research.7 Nanoparticles (NPs) typically refer to structural units with characteristic dimensions 
ranging from 1 to 100 nm, but in practical applications, their size can be extended to 200 nm or even larger depending on 
functional requirements.8 Their composition can be inorganic, organic polymers, or bio-derived. Among these, the size, 
surface charge, and surface modification of NPs are the core parameters determining their in vivo behavior and 
biocompatibility.8,9 Additionally, surface charge influences particle-cell membrane interactions, for example, positively 
charged particles tend to bind to negatively charged cell membranes, enhancing cellular uptake efficiency but potentially 
increasing plasma protein adsorption and immune clearance risks.10 On the other hand, surface modification can 
significantly prolong circulation half-life, improve stability, and reduce non-specific adsorption.4 However, in certain 
cases, it may trigger anti-PEG immune responses, affecting repeated dosing efficacy.11

Multiple studies have demonstrated that NMs not only exhibit unique advantages in drug delivery and imaging 
diagnostics but also engage in complex bidirectional interactions with EVs.3,12 Additionally, exposure to exogenous or 
medical NMs can influence the biosynthesis, secretion levels, cargo types, and downstream biological effects of EVs by 
altering the dynamics of intracellular membrane systems, the activation status of signaling pathways, and cellular stress 
responses.13 Moreover, engineering strategies can combine NMs with EVs and, through surface modification with 
ligands, antibodies, or signal peptides, endow EVs with enhanced targeting and tissue penetration capabilities.3,14

Based on this, this paper will systematically explore the latest research progress on the interaction between NMs and 
EVs, focusing on two aspects. First, the regulatory mechanisms of NMs on the biosynthesis, secretion patterns, and 
functions of EVs, including cell skeleton restructuring, membrane dynamics changes, and regulatory pathways mediated 
by oxidative stress and inflammatory signals. Second, the biological responses of EVs to NMs, including uptake and 
distribution, metabolic degradation, immune regulation, and safety assessment. Additionally, we will delve into the 
application prospects of their combination in diagnostic and therapeutic fields, and discuss the challenges and strategies 
encountered in large-scale production, standardized quality control, and clinical translation, with the aim of providing 
theoretical references and technical guidelines for future integrated research in nanomedicine and EVs.

This review focuses specifically on biomedically relevant nanomaterials (eg, gold, iron oxide, silica, lipid-based 
nanoparticles) and their interactions with EVs derived from mammalian cells in the context of therapeutic and diagnostic 
applications. We exclude environmental nanomaterials such as ambient particulate matter and non-mammalian EVs 
systems, as their interaction dynamics and translational implications differ substantially. By integrating current knowl
edge on NMs-regulated EVs biogenesis, EVs-mediated NMs redistribution, and their combined functional outcomes, we 
aim to provide a cohesive conceptual framework-the NMs-EVs regulatory axis-that bridges fundamental nanobiology 
with next-generation precision medicine. Compared with previous reviews, this review systematically summarizes the 
current knowledge on the mutual influence between nanomaterials and extracellular vesicles, focusing on how nanoma
terials regulate vesicle biogenesis, secretion, cargo composition, and functions, as well as how vesicles uptake and 
respond to nanomaterials. Additionally, it proposes future directions for the optimization of nanomaterials. Clinically and 
industrially, delineating the NMs-EVs interaction landscape is increasingly relevant. EVs are emerging as high-value 
biomarkers in liquid biopsy, and nano-enabled platforms, including EVs enrichment, nano-plasmonic sensing, and 
nanoparticle-assisted EVs capture, substantially improve diagnostic sensitivity.15 Conversely, EVs function as biocom
patible carriers that enhance the biodistribution, immune evasion, and targeting precision of therapeutic 
nanomaterials.7,16 Understanding how NMs reshape EVs release and cargo selection informs the development of EVs- 
based biomarkers, improves nanotoxicity prediction, and accelerates NMs-EVs hybrid strategies for targeted therapy and 
theranostics.16 Collectively, this emerging regulatory axis bridges fundamental nanobiology with next-generation diag
nostic and therapeutic innovation.

Influence of NMs on EVs Biogenesis and Composition
To better understand how nanomaterials shape EVs biology, it is necessary to first examine their fundamental influence 
on the early stages of vesicle formation. Among the various determinants, the physicochemical characteristics of NMs, 
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including size, surface charge, and surface modifications, play a pivotal role in modulating the interaction with cellular 
membranes and intracellular trafficking systems. These intrinsic features not only dictate the uptake and intracellular 
routing of NMs, but also establish the baseline through which they can regulate EVs biogenesis.

Physicochemical Properties of NMs Affecting EVs Biogenesis
The physicochemical properties of NMs largely determine their interaction with cell membrane systems, thereby 
influencing the generation and composition of Evs.7 In addition, particle size is a key factor influencing the selection 
of endocytosis pathways and membrane fusion kinetics.17 NPs smaller than 50 nm typically enter the endosomal system 
rapidly via clathrin-mediated endocytosis and are closely associated with EVs biogenesis during the transport process 
between early endosomes and MVBs.17,18 In contrast, particles with sizes between 50 and 150 nm tend to enter cells via 
macropinocytosis or membrane invagination-guided endocytosis pathways, which are often accompanied by significant 
membrane cytoskeletal reorganization and phospholipid redistribution, thereby indirectly regulating the release of 
microvesicles formed by exocytosis from the plasma membrane.7,18 When particle sizes exceed 200 nm, their efficiency 
of entering cells significantly decreases, with more particles influencing local signal transduction through prolonged 
contact with membrane surface receptors, thereby regulating the release frequency and cargo loading patterns of Evs.17 

Moreover, surface charge is also a key parameter. Positively charged NPs can rapidly bind to negatively charged cell 
membrane phospholipids and proteins. This strong electrostatic interaction not only enhances particle endocytosis 
efficiency but may also activate calcium ion signals and actin reorganization, possibly further promoting EVs 
release.18 However, positively charged particles are more likely to induce changes in cell membrane permeability and 
stress responses, leading to alterations in vesicle membrane composition.19 In contrast, negatively charged or neutral 
particles have weaker binding affinity with membranes, and their effects on EVs biogenesis are more dependent on 
particle chemical composition and surface modifications.19

A critical yet often overlooked determinant in NMs-EVs interactions is the distinction between the synthetic identity 
and the biological identity of nanomaterials. The synthetic identity refers to the engineered physicochemical properties of 
NMs, such as size, shape, surface charge, and functional coatings, which govern their initial interactions with biological 
systems. However, upon entry into physiological fluids, NMs rapidly adsorb biomolecules-predominantly proteins-to 
form a protein corona, which confers a new biological identity that often overrides the synthetic one. This corona not 
modulates cellular uptake pathways and intracellular trafficking but also redefines how NMs interface with endomem
brane systems involved in EVs biogenesis. For instance, corona-coated NMs have been shown to preferentially interact 
with ESCRT components, thereby influencing intraluminal vesicle formation and MVB maturation. Thus, explicitly 
distinguishing between synthetic and biological identity provides a mechanistic framework for understanding how NMs, 
as perceived by cells, differentially regulate EVs-mediated communication. Coatings and surface functionalization can 
also directly alter the affinity of particles for cell membranes and endosomal membranes. For example, polyethylene 
glycol (PEG) modification can prolong particle stability in the extracellular environment and reduce non-specific protein 
adsorption, but may also decrease direct interaction with membranes, thereby reducing regulatory capacity on EVs 
biogenesis.20,21 Conversely, NPs coated with extracellular matrix proteins or ligand molecules can bind to specific 
receptors, triggering local endocytosis and signal transduction cascades, promoting the generation of specific types of 
EVs and enriching related signaling proteins or nucleic acids.22 The effects of different types of NPs on EVs biogenesis 
exhibit high specificity. Therefore, when investigating the mechanisms underlying the interaction between NMs and EVs, 
it is essential to comprehensively consider these factors to accurately assess the impact of material interventions on EVs 
function and their potential biomedical applications.

Beyond these physicochemical determinants, the molecular machinery governing EVs biogenesis itself constitutes 
a critical layer of regulation. EVs formation occurs through two major pathways: ESCRT-dependent and ESCRT- 
independent mechanisms, which differ fundamentally in their molecular requirements and cargo selectivity. The ESCRT- 
dependent pathway relies on the sequential action of ESCRT 0, -I, -II, and -III complexes to drive inward budding of the 
endosomal membrane, culminating in intraluminal vesicle (ILV) formation and subsequent exosome release. In contrast, 
ESCRT-independent pathways utilize ceramide-mediated membrane curvature, tetraspanin-enriched microdomains, or 
lipid raft dynamics to facilitate the packaging of distinct cargo populations. Importantly, NMs may differentially engage 
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these pathways based on their physicochemical properties. The effects of different types of NPs on EVs biogenesis 
exhibit high specificity. For instance, cationic nanoparticles have been demonstrated to enhance nSMase2 activity, 
thereby potentially promoting ESCRT-independent EVs production. Conversely, metal oxide nanoparticles have been 
shown to disrupt ESCRT-III assembly through the process of oxidative stress-mediated protein damage. It is imperative 
to ascertain which biogenesis pathway is perturbed by a specific NM to effectively predict the composition of the 
resulting EVs cargo and the ensuing functional outcomes, given that ESCRT-dependent and -independent EVs exhibit 
distinct protein and RNA repertoires.

Beyond size and surface charge, another critical yet often overlooked determinant is the formation of the “protein 
corona”, which occurs immediately when NMs enter biological fluids. The corona modifies nanoparticle identity, alters 
receptor binding patterns, and redefines the intracellular trafficking routes that ultimately shape EVs biogenesis.23 Recent 
studies have demonstrated that corona-coated NMs preferentially interact with ESCRT components, thereby modulating 
intraluminal vesicle formation and influencing MVB maturation.4,13,24 The engineered corona structures can be exploited 
to program EVs loading specificity, providing a tunable interface between NMs and the vesicular sorting machinery.5

The protein corona is not a static entity but undergoes dynamic evolution over time (“hard” vs. “soft” corona) and 
varies dramatically across biological fluids (eg, plasma vs. interstitial fluid vs. cerebrospinal fluid). This compositional 
variability can fundamentally alter NMs recognition by cellular receptors and subsequent intracellular trafficking, yet 
most studies examine corona formation under static conditions in a single fluid type. Understanding how corona 
dynamics influence EVs biogenesis across different tissue microenvironments remains a critical knowledge gap.

Alteration in EVs Cargo Composition
Nano-materials not only influence the generation of EVs but also profoundly alter the molecular composition of their 
internal cargo, including key components such as nucleic acids, proteins, and lipids.25 This regulatory effect is often 
achieved through cellular signal transduction networks, stress responses, and changes in membrane system dynamics, 
thereby endowing EVs with new biological functions or altering their original functional patterns.25 At the nucleic acid 
level, different types of NPs can selectively promote the enrichment of specific miRNAs in EVs. For example, after 
exposure to substrates with directionally aligned nanofibres or microgroove structures, endothelial cells undergo 
morphological elongation and cytoskeletal redistribution.26 This biophysical stimulus drives endothelial cells to secrete 
EVs enriched in miR-143 and miR-145.27,28 These miRNAs can upregulate markers associated with contractile 
phenotypes and inhibit abnormal proliferation in vascular smooth muscle cells, thereby playing a role in maintaining 
vascular homeostasis and vascular remodelling. However, whether this mechanism operates in other cell types or in vivo 
remains to be determined.

At the protein level, stimulation by NMs can induce a series of stress proteins and signal-regulating molecules to enter 
Evs.29,30 Additionally, HSP70 can enhance the fusion efficiency of EVs with receptor cell membranes, increasing the 
effectiveness of functional molecule delivery.31 Treatment with certain metal nanoparticles can also increase the levels of 
integrins, adhesion molecules, and immunomodulatory proteins in EVs, which may alter the organ distribution and 
immune recognition patterns of EVs in vivo.

In terms of lipid composition, exposure to NMs may alter the lipid profile of EVs membranes by regulating 
membrane phospholipid metabolism and lipid raft structure.31,32 For example, silver nanoparticles (Ag NPs) can induce 
changes in the levels of membrane phosphatidylserine and sphingolipids, which not only affect the membrane stability 
and fusion properties of EVs but may also alter the localization of membrane-associated signaling molecules.33,34 

Additionally, EVs enriched with specific lipids exhibit higher affinity in interactions with endothelial cells and immune 
cells, which is of significant importance for the regulation of inflammatory responses and angiogenesis (Figure 1).34

In addition, NMs can reshape EVs cargo profiles through mitochondrial respiration stress. In addition, NMs can 
reshape EVs cargo profiles through mitochondrial respiration stress. Sub-cytotoxic concentrations of metal-oxide NPs 
trigger mitochondrial ROS and activate NRF2/HO-1 signaling,35,36 subsequently enriching stress-responsive miRNAs 
such as miR-21-5p and miR-34a in EVs.37–39 However, these effects exhibit steep dose-response curves: low doses may 
induce adaptive stress responses (eustress) with distinct EV cargo profiles, while higher doses overwhelm cellular 
antioxidant capacity, leading to apoptotic EV release.40 Temporally, acute exposure favors rapid EV release with stress 
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marker enrichment, whereas chronic exposure may select for adapted cell populations with fundamentally altered EV 
secretion patterns.4 These vesicles impose pro-survival or pro-senescence phenotypes on recipient cells, establishing 
a long-range mitochondrial stress communication axis.41,42 Collectively, these multimodal alterations in EVs cargo 
composition—spanning nucleic acids, proteins, and lipids—converge on a common theme: nanomaterials reprogram EVs 
into specialized signaling vectors that reflect the nature and intensity of the cellular stress response. The ability of NMs to 
impart distinct functional outcomes to EVs is attributable to a variety of mechanisms, including biophysically driven 
enrichment of microRNAs, stress-induced protein loading, lipid membrane remodeling, and mitochondrial stress- 
mediated shifts in microRNAs. These phenomena encompass vascular homeostasis, immune modulation, inflammatory 
amplification, and long-range stress communication. Significantly, the functional convergence of these cargo classes 
indicates that EVs-mediated intercellular signaling functions as an integrated readout of nanomaterial exposure, thereby 
positioning EVs as biosensors and effectors in the cellular response to nano-bio interactions.

A critical distinction must be drawn between stress-induced EVs—released under pathological or toxicological 
conditions and characterized by enrichment of damage-associated molecular patterns (DAMPs), stress proteins, and pro- 
inflammatory miRNAs—and physiologically functional EVs that mediate homeostatic intercellular communication. NMs 
exposure can blur this distinction, as even sub-cytotoxic concentrations may induce stress responses that qualitatively 
alter EVs cargo, potentially transforming homeostatic signaling vectors into mediators of pathology. Whether such stress- 
induced EVs represent adaptive responses or early indicators of toxicity remains an active area of investigation.

Functional Impact of Nanomaterial Modulated EVs
Having established how NMs shape the biogenesis and molecular composition of EVs, it is equally important to consider 
the downstream functional consequences of these modifications. Alterations in EVs quantity, cargo profile, and mem
brane properties inevitably translate into changes in their biological activities, influencing a wide spectrum of cellular 
processes and tissue-level responses. The following sections summarize the major domains in which nanomaterial- 
modulated EVs exert their impact, beginning with their central role in mediating cell-cell communication.

Impact on Cell-Cell Communication
EVs serve as important mediators of intercellular communication, regulating the signal networks and functional states of 
receptor cells by transporting bioactive molecules such as proteins, nucleic acids, and lipids during various physiological 
and pathological processes.43 Previous studies have shown that NMs can alter the cargo profile and membrane properties 
of EVs, thereby reshaping their role in intercellular communication and influencing the homeostasis and response 

Figure 1 Nanomaterials with distinct physicochemical properties influence EVs biogenesis and cargo loading via multiple endocytic pathways. NMs differing in size, surface 
charge, and surface modifications (eg, PEG, Ag NPs, Au NPs, IO NPs) enter mammalian cells through clathrin-mediated endocytosis, caveolin-mediated endocytosis, or 
macropinocytosis, leading to early endosome formation and multivesicular body maturation. These endocytic routes modulate MVB dynamics and EVs release frequency, 
while also altering EVs cargo composition, including microRNAs (miRNAs), proteins, and lipids. Released EVs can originate from MVB-plasma membrane fusion or 
microvesicle budding directly from the plasma membrane.
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patterns of the tissue microenvironment.43,44 This regulation has duality, as it may confer new functional advantages to 
EVs while also leading to abnormal activation or inhibition of existing signaling pathways.

The study of metal and oxide nanoparticles provides a typical example. Ferrite iron oxide nanoparticles (Fe3O4, 
IONPs) have been shown to regulate the levels of immune-regulatory molecules in tumor cell-derived EVs, leading to 
a significant upregulation of immune-suppressive pathways upon uptake by immune cells.8 This includes promoting the 
activation of regulatory T cells (Tregs) and the expression of immune checkpoint molecules, thereby weakening the 
host’s anti-tumor immune response.45,46 This EVs-mediated immune signal remodelling may accelerate immune escape 
during tumor progression. Similarly, exposure to gold nanoparticles (AuNPs) can induce cells to release EVs rich in 
HSP70 and pro-inflammatory factors.30 These EVs, when interacting with macrophages or dendritic cells, can activate 
inflammatory signaling pathways such as NF-κB, promoting the secretion of pro-inflammatory cytokines.47 In acute 
injury repair and infection defense, this inflammatory amplification effect may aid in lesion clearance and tissue 
regeneration, but in chronic inflammation or the tumor microenvironment, it may drive pathological inflammation and 
tumor progression.47

Additionally, NMs can indirectly regulate intercellular communication networks by influencing the miRNA load of 
Es.4 These EVs, upon being taken up by vascular smooth muscle cells, promote the expression of contractile phenotype 
markers and inhibit abnormal proliferation, thereby achieving the remodelling of vascular structure and function.48 This 
suggests that nanostructures can not only locally regulate the secretory behavior of a single cell type but also influence 
the functional state of adjacent or even distant tissues through EVs-mediated paracrine signals.49 Beyond oncology, the 
immunomodulatory consequences of NMs-EVs interactions are equally relevant in non-cancerous pathologies. For 
instance, in fibrotic diseases, exposure to silica nanoparticles or carbon nanotubes has been shown to induce epithelial 
cell-derived EVs enriched in pro-fibrotic mediators such as TGF-β1 and Wnt ligands, which activate fibroblasts and 
accelerate extracellular matrix deposition. Similarly, in the context of neuroinflammation, metal oxide nanoparticles can 
trigger microglial release of EVs carrying inflammasome components such as NLRP3 as well as IL-1β, and aggregation- 
prone proteins, thereby propagating neuroinflammatory signals and potentially exacerbating conditions such as 
Alzheimer’s or Parkinson’s disease. These examples underscore that the NMs-EVs regulatory axis operates across 
diverse pathological landscapes, influencing disease progression in fibrosis, neurodegeneration, and beyond.

In summary, NMs can alter the signal output patterns of EVs in intercellular communication by regulating their 
composition and physicochemical properties. This process involves the binding characteristics of EVs with receptor cell 
membranes, the selection of endocytic pathways, and the reconstruction of downstream transcriptional regulatory 
networks, ultimately determining the biological response of target cells.43 A deeper understanding of this process not 
only facilitates the targeted optimization of EVs’ therapeutic potential using NMs but also provides crucial evidence for 
assessing their risks in immune regulation, inflammatory responses, and tumor microenvironment remodelling.

Impact on Immune Modulation
Beyond regulating intercellular communication networks, EVs induced by NMs also exhibit significant functional 
shaping effects in the immune system.48 This process primarily occurs by altering the immune regulatory molecule 
profile carried by EVs, thereby influencing the activation state and response direction of immune cells.50 As mentioned 
earlier, nano-regulation can cause EVs to bias toward either immune suppression or inflammatory signals, and immune 
regulation is the specific manifestation of this bias at the tissue level. Multiple studies have shown that exposure to 
specific types of NMs can induce cells to secrete EVs rich in immune-suppressive molecules, including programmed 
death ligand 1 (PD-L1), transforming growth factor β (TGF-β), and interleukin 10 (IL-10). These molecules can exist in 
a stable form on the surface or within the lumen of EVs and, upon contact with immune cells, inhibit the activation of 
effector T cells through receptor-ligand interactions or endocytic delivery, thereby promoting the differentiation of 
regulatory T cells and overall downregulating the intensity of the immune response.48 In the tumor microenvironment, 
these immune-suppressive EVs aid cancer cells in evading immune surveillance.50 In transplant rejection or autoimmune 
disease models, the rational application of such EVs holds potential for mitigating excessive immune attacks.50 It is 
important to distinguish between the direct immunotoxicity of NMs and the EVs-mediated secondary immunomodulation 
discussed here. Direct immunotoxicity refers to the immediate effects of NMs on immune cells upon physical encounter, 
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such as nanoparticle-induced NLRP3 inflammasome activation in macrophages or surface charge-dependent lymphocyte 
apoptosis. In contrast, EVs-mediated immunomodulation represents an indirect, signal-relayed mechanism: NMs first 
program donor cells to alter the molecular cargo of their secreted EVs, these EVs then transmit immunomodulatory 
signals to recipient immune cells, often at distant sites. This distinction is critical because EVs-mediated effects can 
outlast the initial exposure, propagate across tissues, and amplify the immunological impact of even low-dose NM 
exposure. By framing the discussion within this indirect pathway, this section focuses specifically on how NMs 
reprogram the immune system through EVs, rather than through direct nano-immune cell contact.

It is worth noting that the immune function of nano-regulated EVs is not unidirectionally inhibitory and may exhibit 
opposite effects under different immune contexts.48 For example, under conditions of infection or acute inflammation, 
some nano-induced EVs may enrich pro-inflammatory molecules and enhance immune responses, thereby accelerating 
pathogen clearance.51 In contrast, under conditions of chronic inflammation, transplant immune rejection, or autoimmune 
diseases, EVs rich in immune inhibitory molecules may become important tools for controlling immune overreactions.50 

This context-dependent nature implies that when applying nanotechnology-regulated EVs for immune intervention, it is 
essential to precisely define the disease stage and immune status to optimize therapeutic efficacy and mitigate the 
occurrence of adverse effects (Figure 2).

It is important to note that many studies infer immunomodulatory function from EVs molecular composition (eg, 
presence of PD-L1, TGF-β) rather than direct functional immunological assays. While correlational evidence is 
suggestive, definitive demonstration of immune modulation requires co-culture systems, primary immune cell functional 
assays (proliferation, cytokine secretion, cytotoxicity), and ideally in vivo validation. Future studies should prioritize 
functional immunological readouts to establish causal relationships between NMs-induced EVs cargo alterations and 
immune outcomes.

Impact on Angiogenesis
It is important to note that the majority of mechanistic insights into NMs-EVs interactions have emerged from in vitro 
studies, where controlled conditions allow for precise dissection of molecular events. In instances where they are 
available, the findings derived from in vivo models are highlighted. These models are advantageous in that they better 

Figure 2 Bidirectional interactions between NMs and EVs. Upon entering the extracellular microenvironment, NMs rapidly acquire a protein Corona that modulates their 
biological identity and cellular interactions. After corona formation, NMs are internalized into cells primarily through clathrin-mediated endocytosis and other endocytic 
pathways (2–3). Inside the cytoplasm, NMs influence EVs biogenesis by modulating endosomal trafficking, ESCRT machinery activity, and MVB dynamics (3). These 
intracellular changes result in altered EVs cargo profiles, including upregulation of HSP70 (4). EVs subsequently mediate the redistribution of NMs to neighboring or distant 
cells, facilitating secondary delivery (5). The downstream biological consequences of NMs-EVs crosstalk include immune modulation, angiogenesis, and apoptosis.
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recapitulate the complexity of physiological and pathological microenvironments, thereby underscoring their transla
tional relevance. Angiogenesis plays a central role in tissue repair, regeneration, and tumor growth and metastasis.4 EVs 
can directly influence endothelial cell proliferation, migration, and lumen formation by transporting proangiogenic 
molecules and regulating signaling pathways.4 Under the regulation of NMs, the molecular composition and membrane 
properties of EVs often undergo changes, which can significantly affect the mode of action of EVs in the angiogenesis 
process, thereby exerting a bidirectional regulatory role in physiological and pathological environments (Figure 3).52,53

On the one hand, specific NMs can enhance the proangiogenic capacity of EVs. For example, tumor cells treated with 
AuNPs secrete EVs rich in vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2), and 
proangiogenic-related miRNAs.54 These vesicles activate the PI3K/AKT and MAPK signaling pathways in endothelial 
cells, promoting cell proliferation and migration and accelerating the formation of new blood vessels.6 In the tumor 
microenvironment, this nanomaterial-induced EVs-mediated proangiogenic effect may accelerate the establishment of 
tumor blood supply networks, enhancing tumor invasiveness and metastatic potential.55 On the other hand, NMs can also 
inhibit angiogenesis by regulating the EVs cargo profile.55,56 Substrates with oriented nanofibre structures can alter the 
mechanical stress distribution on endothelial cells, leading to the secretion of EVs enriched in miR-143 and miR-145.53 

These miRNAs can upregulate the expression of contractile phenotype genes in vascular smooth muscle cells, stabilize 
vascular wall structure, and to some extent restrict the formation of abnormal neovascularisation.4,52 These EVs can 
inhibit the activity of the VEGF signaling pathway in endothelial cells, reducing the formation of capillary-like 
structures.

The role of nano-regulated EVs in the vascularization process exhibits significant environmental dependence. In 
ischemic tissue repair models, pro-angiogenic EVs can accelerate local perfusion recovery and tissue regeneration.55,56 

However, in tumor or pathological vascular proliferation environments, anti-angiogenic EVs may help disrupt blood 
supply to abnormal tissues, thereby limiting lesion progression.6

While multiple studies demonstrate that NMs-exposed cells secrete EVs with altered pro-angiogenic potential, much 
of this evidence remains correlational—linking miRNA enrichment to endothelial tube formation without definitive 
mechanistic validation. Causal demonstration requires loss-of-function studies (eg, miRNA inhibitors, blocking anti
bodies) and in vivo angiogenesis assays (Matrigel plugs, aortic ring assays) to confirm that observed effects are directly 
mediated by specific EVs components rather than indirect or confounding factors.

Figure 3 Routes of uptake of nanomaterials by EVs and their downstream effects on target cells. NMs with varying physicochemical properties, including Au NPs, Ag NPs, 
IO NPs, antibodies, and PEG-modified particles, can be incorporated into EVs via distinct endocytic pathways, such as clathrin-dependent endocytosis, clathrin-independent 
endocytosis, and caveolin-dependent endocytosis. Once loaded into EVs, these NMs can be delivered to target cells, where they induce oxidative stress through the 
generation of ROS, activate inflammatory signaling cascades (eg, NF-κB, IL-6, TNF-α), and trigger apoptosis, ultimately contributing to altered cellular functions or cell death.
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Cellular Uptake and Response of EVs to NMs
Having identified the primary pathways for NMs entering EVs, the subsequent question is how the presence of these 
nanoparticles within EVs will influence their subsequent biological effects. In fact, the uptake process not only 
determines the efficiency and manner of NMs entering EVs but also establishes the foundation for their interactions 
with the internal components of EVs. Whether through endocytosis or membrane fusion-mediated incorporation, NPs 
invariably alter the physicochemical properties and cargo state of EVs to some extent. This alteration can profoundly 
impact their signaling functions, in vivo distribution, and interaction patterns with target cells. Therefore, a thorough 
investigation of the biological effects arising from NMs-EVs interactions is crucial for understanding their dual roles in 
drug delivery, immunomodulation, and potential toxicity, while also providing a theoretical foundation for future 
applications.

As illustrated in Figure 2, nanomaterials engage in a bidirectional regulatory loop with EVs. After entering body 
fluids, NMs rapidly adsorb biomolecules to form a protein corona, which defines their cellular uptake properties and 
immunological visibility.23 Following internalization, predominantly through clathrin-mediated pathways, NMs localize 
to endosomal compartments and modulate key steps of EVs biogenesis, including ESCRT activity and MVB 
maturation.4,57 These processes collectively reshape the molecular cargo of secreted EVs, leading to the release of 
EVs enriched in stress proteins such as HSP70.58,59 In turn, EVs serve as vehicles that redistribute NMs to distal tissues, 
amplifying biological responses. Ultimately, this NMs-EVs interaction axis contributes to phenotype changes including 
immune modulation, angiogenic activation, and programmed cell death.6,60

Mechanisms of EVs Uptake of NMs
In the bidirectional relationship between NMs and EVs, in addition to the regulation of EVs biogenesis and function by 
NMs, EVs themselves can also take up and respond to exogenous NPs.4 This process not only affects the distribution and 
metabolism of NMs in the body, but may also alter the composition and function of EVs, thereby triggering a chain 
reaction of downstream biological effects.61 Before discussing the mechanisms, it is important to clarify the two distinct 
levels at which EVs can internalize nanomaterials. The first involves cellular uptake followed by EVs packaging: NMs 
are internalized by parental cells, processed through endosomal pathways, and subsequently incorporated into intralum
inal vesicles during multivesicular body (MVB) formation, leading to their release within EVs. The second involves post- 
release uptake: once secreted, mature EVs can directly bind and internalize exogenous NMs from the extracellular milieu 
through endocytosis or membrane fusion. These two modes are not mutually exclusive and may coexist in biological 
systems, yet they differ fundamentally in their kinetics, molecular determinants, and functional consequences. The 
following section focuses primarily on the post-release uptake of NMs by isolated EVs, unless otherwise specified.

The uptake of NMs by EVs primarily relies on various endocytic and membrane interaction mechanisms.61 Among 
these, clathrin-dependent endocytosis is one of the most common pathways, suitable for NPs with smaller diameters and 
specific ligands on their surfaces.62 This endocytic pathway depends on the specific binding of receptors on the EVs 
membrane with molecules on the nanoparticle surface, triggering the formation and internalization of clathrin-coated pits. 
Caveolin-dependent endocytosis is typically associated with larger or hydrophobic-modified nanoparticles.63 This path
way utilizes cholesterol- and sphingomyelin-rich membrane domains for particle internalization and is commonly 
observed in EVs subpopulations involved in signal molecule transport.63 Additionally, macropinocytosis plays 
a crucial role in the uptake of larger-sized NPs by EVs.64 This process involves the formation of large vesicles through 
membrane invagination, which encapsulate exogenous particles and enter the cell.

In addition to the classic endocytosis mechanism, membrane fusion is another important pathway for EVs 
interaction with NMs.11,13 Some NPs coated with lipids or biomimetic membranes can directly fuse with EVs 
membranes, thereby integrating their cargo or surface molecules into the EVs structure.10 This process exhibits distinct 
temperature-dependent and membrane lipid fluidity characteristics, suggesting a potential association with the phos
pholipid composition and lipid raft structure of EVs membranes.7 EVs membrane proteins play a crucial role in the 
molecular recognition of nanomaterial uptake. For example, tetraspanins (CD9, CD63, CD81) and members of the 
integrin family can serve as molecular interfaces for the recognition and binding of NMs.65 Studies have shown that 
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NPs designed with surface ligands targeting these membrane proteins can significantly enhance their binding efficiency 
and internalization rate with EVs, thereby enabling selective delivery or signal regulation.2 This property provides 
a theoretical foundation for using NMs to achieve targeted modification of EVs and creates conditions for the 
development of hybrid delivery systems.

Biological Effects of NMs-EVs Interactions
After being taken up by EVs, the presence of nanoparticles may not only alter the physicochemical properties of EVs but 
also exert profound effects on their biological functions and in vivo distribution patterns.17 Given that EVs inherently 
possess the ability to transport bioactive molecules across cell types, NPs incorporated into EVs can be transported to 
distant target cells or tissues, thereby altering the original delivery specificity and efficiency.48 Particularly in EVs 
subpopulations with tissue-tropic characteristics, the integration of NPs may enhance or reorient their organ distribution 
patterns, enabling the delivery of their cargo beyond their natural biological range. The classification of EVs into 
exosomes, microvesicles, and apoptotic bodies follows traditional nomenclature based on biogenesis pathways. However, 
according to MISEV2023 guidelines, definitive assignment to these subtypes requires rigorous experimental evidence, 
such as demonstrating endosomal origin for exosomes, which is not available in all cited studies.

NPs may also interfere with the normal signal transduction functions of EVs. Certain metal or oxide nanoparticles can 
directly bind to nucleic acids or proteins within the EVs lumen, thereby altering their conformation and activity and 
ultimately affecting signal transduction in downstream receptor cells.51 For example, ferrite nanoparticles can interact 
with iron-containing proteins, heat shock proteins, or enzymes in EVs, altering their stability and activity states.66 

Additionally, the surfaces of NPs may adsorb signal molecules within EVs, causing some key factors to lose their activity 
during delivery or be taken up by non-specific target cells, thereby reducing the precision of the signal.67

When exposure to NPs is too high or accumulates over time, interactions between NMs and EVs may also trigger 
toxic effects and disrupt signal networks.10,66 Moreover, EVs containing high loads of NPs may trigger excessive 
oxidative stress and inflammatory responses when taken up by immune cells or endothelial cells, leading to cellular 
damage or even tissue dysfunction.67 On the other hand, NPs carried by EVs may continuously interfere with 
intercellular physiological signal transmission, disrupting microenvironmental homeostasis.7 It is worth noting that the 
impact of NPs on EVs function is highly dependent on various factors, including nanoparticle size, morphology, surface 
modification, chemical composition, as well as exposure dose and duration.7,14 Therefore, when designing EVs-based 
nano-delivery systems or strategies to modulate EVs function using NMs, it is essential to systematically evaluate these 
variables to ensure enhanced targeting and delivery efficiency while minimizing potential risks (Figure 3). Beyond the 
immediate immunomodulatory effects discussed above, the immunogenicity of NMs-EVs complexes raises critical safety 
considerations. First, the protein corona formed on NMs upon exposure to biological fluids can alter their immune 
recognition, corona composition shaped by NMs properties and the biological milieu-determines whether NMs are 
recognized as “self” or “non-self” by immune cells EVs, as carriers of NMs, may either shield or expose corona epitopes, 
thereby modulating subsequent immune responses. Second, repeated exposure to NM-EVs complexes carries the risk of 
inducing anti-drug antibodies (ADA) or hypersensitivity reactions, particularly if the complexes trigger B-cell activation 
or T-helper cell polarization. Third, the long-term persistence of EVs in circulation-coupled with their ability to deliver 
NMs to lymphoid tissues-raises concerns about chronic immune stimulation, potentially leading to autoimmunity or 
immune exhaustion These immunogenicity challenges underscore the need for comprehensive preclinical evaluation, 
including assessments of ADA formation, complement activation, and cytokine release syndrome, alongside standard 
toxicity studies.

Interestingly, EVs not only internalize NMs but also serve as natural shuttles redistributing nanoparticles across 
tissues.34,59 Recent research demonstrated that EVs can encapsulate surface-modified nanoparticles and transfer them to 
distal endothelial or parenchymal cells, bypassing classical clearance pathways.4 This EVs-mediated transport markedly 
alters nanoparticle bio-distribution, indicating that EVs form an endogenous secondary circulation system for 
nanomaterials.68 Beyond these functional alterations, the recognition that EVs can internalize and redistribute NMs 
introduces a conceptual paradigm shift: EVs function as an endogenous secondary circulation system for nanomaterials. 
This concept redefines the in vivo fate of NMs in several fundamental ways. First, it challenges the classical view that 
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NM biodistribution is solely governed by their physicochemical properties and mononuclear phagocyte system clearance. 
Instead, EVs-mediated transport introduces a biological vector layer that can override synthetic identity, enabling NMs to 
access distal tissues and cellular niches beyond their natural reach. Second, this secondary circulation operates on 
different timescales-EVs can sequester, protect, and gradually release NMs, prolonging their biological half-life and 
creating a depot effect that extends therapeutic windows. Third, by exploiting the intrinsic tissue-tropism of EVs 
subpopulations, NMs can acquire hijacked targeting specificity, opening avenues for precision delivery without complex 
surface engineering. Collectively, framing EVs as a secondary circulatory system not only advances our understanding of 
nano-bio interactions but also provides a unified conceptual framework for designing next-generation nanotherapeutics- 
drugs that will actively harness rather than passively adapt to this endogenous redistribution pathway.

While the concept of EVs as an endogenous secondary circulation system for nanomaterials is intriguing, its 
quantitative contribution relative to classical biodistribution routes (mononuclear phagocyte system clearance, renal 
filtration, hepatic metabolism) remains undefined. Current evidence demonstrates that EVs-mediated transport can alter 
NMs distribution to specific tissues (eg, brain, tumors), but the fraction of total NM dose routed through this pathway, its 
kinetics, and its relative importance across different NMs types and administration routes have not been systematically 
quantified. Addressing this gap will require tracer studies, pharmacokinetic modeling, and comparative analyses in EVs- 
depleted vs. EVs-replete conditions.

In summary, the incorporation of NMs into EVs presents a dual-faced paradigm with both therapeutic opportunities 
and safety concerns. To enhance clarity, the key beneficial outcomes and potential risks are summarized below. 
Therapeutic Opportunities includes Enhanced biodistribution, EVs can redirect NMs to distal tissues, bypassing classical 
clearance pathways and enabling access to previously inaccessible sites. Prolonged circulation, EVs-mediated secondary 
circulation extends the biological half-life of NMs, creating a depot effect that widens therapeutic windows. Acquired 
targeting, Tissue-tropic EVs subpopulations can impart targeting specificity to NMs without complex surface engineer
ing. Synergistic delivery, EVs and NMs can co-deliver therapeutic payloads, combining the biocompatibility of EVs with 
the functionality of NMs. Safety concerns involves signal disruption, NMs may bind to EVs cargo molecules, altering 
their conformation and interfering with normal intercellular signaling. Off-target effects, NMs-laden EVs may be taken 
up by non-target cells, reducing signaling precision and causing unintended biological effects. Toxic amplification, EVs 
loaded with high doses of NMs can trigger oxidative stress inflammatory responses, and cellular damage upon uptake by 
immune or endothelial cells. Microenvironment disturbance: Persistent EVs-mediated NMs signaling may disrupt tissue 
homeostasis and contribute to pathological remodeling. The balance between these beneficial and adverse outcomes is 
governed by multiple factors, including NMs physicochemical properties exposure dose, duration, and the biological 
context of EVs-cell interactions. Therefore, harnessing the NMs-EVs axis for therapeutic applications requires systematic 
optimization to maximize benefits while minimizing risks.

Therapeutic and Diagnostic Applications of NMs- EVs Interactions
In the preceding section, we focused on exploring the uptake mechanisms of EVs by nanomaterials and the resulting 
biological effects, including the remodeling of signaling pathways, alterations in distribution patterns, and potential 
toxicity risks. These insights not only reveal the complex bidirectional interactions between NMs and EVs but also 
provide a theoretical foundation for their potential value in medical applications. Indeed, it is precisely because EVs 
possess both intrinsic biocompatibility and programmability that their combination with NMs increasingly demonstrates 
unique advantages in disease treatment and diagnosis. Consequently, a growing number of studies are exploring how to 
harness this interaction to develop EVs into highly efficient drug delivery vehicles, sensitive biomarkers, and integrated 
diagnostic and therapeutic nanoplatforms.

EVs as Nanocarriers in Drug Delivery
EVs are considered ideal biopharmaceutical carriers due to their natural lipid bilayer structure derived from cell 
membranes, low immunogenicity, and excellent biocompatibility.69 Compared to traditional synthetic nanocarriers, 
EVs exhibit greater stability and lower clearance rates during circulation in vivo, and their membrane surface proteins 
and glycosylation modifications confer specific tissue and cell targeting capabilities.69 Additionally, EVs can cross 

https://doi.org/10.2147/IJN.S585732                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 12

Sa et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



various biological barriers, including the BBB, without triggering significant immune rejection, making them uniquely 
advantageous for the treatment of central nervous system (CNS) diseases.4 Compared to synthetic nanocarriers such as 
liposomes or polymeric nanoparticles, EVs offer distinct advantages derived from their biological origin: they exhibit 
lower immunogenicity due to self-derived membrane proteins, possess intrinsic tissue-targeting capabilities conferred by 
surface adhesion molecules, and can naturally traverse biological barriers like the BBB without the need for extensive 
surface engineering. These features position EVs as uniquely equipped vectors for applications where synthetic carriers 
often face limitations, such as CNS drug delivery and immune-evasive systemic circulation.

The introduction of NMs provides programmable enhancement strategies for the drug delivery function of EVs. 
Through surface functionalization or hybridization with NPs, the targeting ability, drug loading capacity, and tissue 
penetration capability of EVs can be significantly improved.6,70 For example, incorporating Au NPs, superparamagnetic 
IONPs, or quantum dots onto the surface of EVs not only enables visual tracking through their optical or magnetic 
response properties but also enhances affinity for specific receptor cells through ligand modification.6 Furthermore, NMs 
can co-load small-molecule drugs, nucleic acids, or proteins with EVs through electrostatic adsorption, hydrophobic 
interactions, or chemical coupling, thereby increasing drug loading capacity and improving release kinetics.29 Some 
strategies also utilise the photothermal or magnetothermal effects triggered by NMs to achieve exogenous, controllable 
drug release from EVs, thereby enhancing local therapeutic efficacy.2

In the treatment of CNS diseases, functionalized EVs can be loaded with neuroprotective agents, anti-inflammatory 
drugs, or nucleic acid therapeutic molecules.7 Through surface engineering of NMs, their efficiency in crossing the BBB 
can be enhanced, while reducing non-specific distribution in peripheral tissues. In tumor-targeted therapy, nano- 
functionalized EVs can deliver chemotherapeutic drugs, siRNA, or immunomodulators, significantly increasing drug 
accumulation at tumor sites while reducing systemic toxicity.7,17 Additionally, in anti-inflammatory drug delivery, nano- 
functionalized EVs can be designed to exhibit higher affinity in inflammatory microenvironments, enabling targeted 
delivery of glucocorticoids, non-steroidal anti-inflammatory drugs, or anti-inflammatory nucleic acid molecules to 
precisely regulate local immune responses.17,51

In summary, the advantages of EVs as natural drug carriers combined with the functionalization strategies of NMs not 
only significantly enhance the targeting, drug loading capacity and penetration of delivery systems but also provide 
feasible solutions for the precise treatment of various diseases.6,70 However, this strategy still faces numerous challenges 
in clinical translation, including the stability of large-scale production, batch-to-batch consistency, and long-term safety 
assessment. Therefore, future research should explore more efficient nanomaterial and EVs composite platforms while 
ensuring controllability and safety to advance their clinical application in CNS diseases, tumor therapy, and inflammatory 
diseases.

EVs as Diagnostic Biomarkers Upon Nanomaterial Exposure
The exposure of NMs within biological organisms may not only affect cellular function but also significantly alter the 
molecular composition of EVs, including key components such as proteins, miRNAs, and lipids.5,50 These changes can 
reflect the stress state of cells under nanostimulation, the activation patterns of signaling pathways, and potential 
pathological processes, thereby demonstrating potential as exposure biomarkers and tools for early disease diagnosis.2 

Existing studies have shown that exposure to specific metal or oxide nanoparticles can induce characteristic changes in 
the protein profile of EVs. For example, tumor cells exposed to superparamagnetic IONPs released EVs with signifi
cantly elevated levels of the immune regulatory protein PD-L1,71 the inflammation-associated molecule HMGB1,72 and 
the heat shock protein HSP70.73 Therefore, these EVs-derived molecular features not only serve as biological fingerprints 
of nanomaterial exposure but may also indicate associated disease risks. It is important to contextualize the translational 
readiness of NMs-induced EVs biomarkers, which span a spectrum from experimental discovery to early clinical 
validation. While the concept is supported by compelling preclinical evidence, most of the examples discussed below 
remain at the experimental or preclinically validated stage, with clinical adoption requiring further validation in human 
cohorts and standardization of detection platforms.

In the field of early tumor diagnosis, changes in the molecular profile of EVs induced by exposure to NMs hold 
promise for the development of liquid biopsy platforms.2 For example, EVs rich in proangiogenic factors or specific 
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miRNAs may indicate the early onset of tumor microenvironment remodelling.27 In neurological diseases, EVs released 
by NMs after crossing the BBB and interacting with neurons or glial cells may carry molecular markers associated with 
neuroinflammation, protein misfolding, or synaptic damage, such as neurofilament protein (NfL) or β-amyloid, providing 
feasible clues for the early diagnosis of Alzheimer’s disease, Parkinson’s disease, and other conditions.74,75 In cardio
vascular injury detection, cardiomyocytes exposed to specific NMs can secrete EVs rich in cardiac injury markers, which 
can be detected through blood tests to achieve non-invasive, early identification of cardiac injury.76

Compared with traditional biomarkers, EVs-derived biomarkers exhibit high stability in various body fluids such as 
blood, urine, and saliva, and can reflect the molecular characteristics of the lesion site.6 Furthermore, by combining signal 
amplification and detection platforms with NMs, high-sensitivity detection of EVs biomarkers can be achieved in minute 
samples, thereby significantly improving the accuracy and accessibility of early diagnosis.

Theranostic Platforms Combining NMs and EVs
A theranostic platform integrating NMs with EVs has been developed to leverage the biocompatibility and targeting properties 
of EVs, combined with the imaging, drug delivery, and stimulus-responsive characteristics of NMs, to achieve simultaneous 
diagnosis and treatment of diseases.77 This strategy integrates diagnostic signal probes and therapeutic payloads within the 
same carrier system, enabling real-time monitoring of drug delivery and treatment responses. Additionally, treatment dosage 
and timing can be adjusted based on imaging feedback, thereby enhancing therapeutic efficacy and reducing unnecessary 
systemic exposure.6,7 Table 1 summarizes the characteristics, mechanisms, and applications of representative NMs on EVs 
biology.2,7 Currently, superparamagnetic IO NPs, Au NPs, and quantum dots are widely used for EVs functionalization to 
confer visualization capabilities such as MRI, PAI, and SERS.78,79 On the other hand, diagnostic and therapeutic integrated 
platforms can co-load chemotherapy drugs, siRNA, miRNA, proteins, or immunomodulators with nanoimaging probes into 
EVs.78,79 By leveraging the stimulus-responsive properties of NMs, controlled drug release can be achieved, enabling high 
drug concentrations at disease sites while reducing systemic toxicity.12 For example, by using near-infrared light to stimulate 
Au NPs-EVs complexes, not only can the tumor cell membrane be destroyed through photothermal effects, but the drugs 
inside the EVs can also be triggered to release, thereby forming a dual physical and chemical killing effect.80

In CNS diseases, the potential for integrated diagnosis and treatment using EVs and nanomaterial platforms is 
particularly prominent.12,79 Functionalized EVs can cross the BBB to deliver neuroprotective agents or anti- 
inflammatory drugs to the site of neural injury, while fluorescent or MRI probes enable real-time monitoring of drug 
distribution and action within the brain. In cardiovascular diseases, functionalized EVs can target ischemic myocardial 
regions to deliver vasculogenic factors and monitor improvements in local perfusion, providing dynamic imaging evidence 
for regenerative therapies.78

The advantage of this integrated diagnosis and treatment model lies in its ability to integrate multiple functions into 
a single platform, thereby simplifying treatment processes, improving treatment efficiency, and enabling personalized 
interventions. However, its clinical translation still faces several challenges, including the stability and consistency of 
NMs and EVs complexes in large-scale preparation, the optimization of the balance between imaging and therapeutic 
functions, and the assessment of long-term safety and immune response risks.

Challenges and Future Directions
Although significant progress has been made in the study of interactions between NMs and EVs in terms of mechanism 
elucidation and application exploration, several key challenges still hinder their clinical translation.9 First, EVs them
selves exhibit high heterogeneity, which is not only reflected in the diversity of particle size distribution and biogenic 
pathways but also manifested in differences in cargo composition, membrane protein profiles, and tissue sources.4 This 
heterogeneity complicates the results of nanomaterial and EVs interactions and introduces unpredictability, while also 
posing technical challenges for separation and purification. Existing separation methods struggle to balance efficiency, 
purity, and reproducibility, particularly when large-scale, high-consistency production is required for clinical 
applications.7 Obtaining batch-stable EVs subpopulations with well-defined functional properties remains an urgent 
challenge that needs to be addressed. Moreover, many mechanistic insights remain derived from specific cell lines under 
controlled conditions, and their generalizability across cell types and physiological contexts requires further validation.
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Table 1 Representative NMs Influencing EVs Biology

Type NMs Physicochemical 
Properties

Influences on EVs 
Biology

Mechanisms Potential 
Applications

Ref.

Inorganic 
nanomaterials

Au NPs High surface-area-to- 

volume ratio, tunable size 

(1–100 nm), 
biocompatibility

Increase EVs release, 

alter miRNA and 

protein cargo

Membrane lipid 

interaction, 

endocytosis 
modulation

Cancer theranostics, 

photothermal therapy, 

biomarker discovery

[24]

Ag NPs Strong antimicrobial 

activity, high reactivity

Alter EVs protein 

composition, induce 
stress-response EVs

ROS generation, 

activation of stress 
pathways

Antimicrobial 

coatings, immune 
modulation

[33]

IO NPs Magnetic properties, good 

biocompatibility

Stimulate release of 

immunomodulatory 
EVs

ROS-mediated 

signaling, lysosomal 
pathway 

modulation

Magnetic targeting, 

MRI imaging, 
immunotherapy

[8,46]

Si NPs High surface area, porous 
structure

Influence EVs lipid 
composition, 

promote exosome 

secretion

Membrane 
perturbation, 

calcium signaling 

activation

Drug delivery, 
bioimaging

[22]

TiO2 NPs Photocatalytic activity, 

chemical stability

Modify EVs protein 

content, enhance 
oxidative stress 

signals

UV-induced ROS 

generation, 
membrane 

oxidation

Photodynamic 

therapy, biosensing

[81,82]

CNTs High mechanical strength, 
electrical conductivity

Alter EVs secretion 
dynamics, load 

functional nucleic 

acids

Direct membrane 
penetration, 

endocytosis

Biosensors, gene 
delivery

[83]

GO Large surface area, 

oxygen-containing 

functional groups

Modulate EVs- 

mediated immune 

signaling

Biomolecule 

adsorption, 

intracellular 
trafficking 

alteration

Immunotherapy, 

biosensing

[32]

QDs Tunable fluorescence, 
nanometer scale

Label and track EVs, 
minimal effect on 

secretion at low 

doses

Integration into 
EVs membrane or 

lumen

Real-time EVs 
tracking, in vivo 

imaging

[34]

ZnO NPs Antimicrobial, 

semiconducting

Induce stress- 

responsive EVs 

release

ROS generation, 

mitochondrial 

dysfunction

Antibacterial therapy, 

wound healing

[25]

CeO2 NPs Antioxidant activity, 

oxygen vacancy sites

Reduce oxidative 

stress-related EVs 

secretion

ROS scavenging, 

modulation of 

redox signaling

Neuroprotection, 

anti-inflammatory 

therapy

[21]

Lipid and 
polymer 
nanomaterials

LNPs Biomimetic lipid 

composition

Facilitate EVs loading 

with therapeutic 

RNAs

Membrane fusion, 

lipid-lipid exchange

mRNA delivery, gene 

therapy

[11]

Polymeric 

nanoparticles

Biodegradable, 

customizable size and 

charge

Enhance EVs stability, 

drug payload

Encapsulation 

within EVs, 

protection from 
degradation

Sustained drug 

release, vaccine 

delivery

[6]

Notes: Nanomaterials are grouped by material class to improve readability. The table summarizes their physicochemical properties, reported effects on EVs biology, 
underlying mechanisms, and potential biomedical applications.
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Methodological challenges further complicate data interpretation. EVs isolation methods (ultracentrifugation, size 
exclusion chromatography, precipitation) introduce distinct biases in EVs subpopulation recovery, potentially confound
ing comparisons across studies. Similarly, nanoparticle aggregation in biological media can alter effective size and 
surface properties, leading to variable cellular interactions that are often unaccounted for in experimental designs. Future 
studies should report detailed characterization of both EVs isolation efficiency and NMs colloidal stability to enable 
cross-study comparability.

Secondly, the toxicological assessment standards for NMs are still unclear, and this is particularly evident in 
composite platforms that incorporate EVs.84 Nanotoxicological implications of NMs-EVs interactions have not been 
integrated into existing risk-assessment frameworks. Conventional nanotoxicology appraises the direct effects of NMs on 
exposed cells/tissues. However, EVs-mediated indirect effects, such as the propagation of stress signals to distant sites, 
the amplification of inflammatory responses, and the long-term reprogramming of tissue microenvironments, represent 
secondary toxicity mechanisms that are not encompassed by current regulatory protocols. We propose that EVs 
parameters (secretion rates, cargo profiles, functional activity in recipient cells) should be incorporated into next- 
generation nanotoxicity screening platforms as sensitive indicators of biological perturbation.3

Third, the dynamic processes of interactions between NMs and EVs involve multi-scale, multi-level biophysical and 
biochemical events, including the formation of protein coronas around NPs in body fluids, initial contact with cell 
membranes, endocytosis and membrane fusion mechanisms, intracellular transport and processing, and redistribution via 
EVs.77 Single experimental systems are insufficient to fully elucidate these processes. Therefore, future research should 
integrate multi-scale collaborative research methods, including high-resolution imaging, multi-omics analysis, and 
computational modelling, to establish spatiotemporal dynamic models of nanomaterial and EVs interactions. This will 
facilitate the prediction of biological outcomes under different nanomaterial parameters and guide the iterative optimiza
tion of platform design. Beyond the scientific and technical hurdles discussed above, the clinical translation of NMs-EVs 
hybrid platforms faces regulatory and safety assessment challenges that are fundamental to their approval and commer
cialization. First, batch-to-batch variability remains a critical concern. EVs isolated from cell cultures exhibit intrinsic 
heterogeneity in size, cargo composition, and membrane protein profiles, which can be further amplified by NM loading 
or surface modification. This variability complicates the establishment of consistent quality control metrics and poses 
challenges for reproducibility across production batches Second, EVs source control is a regulatory prerequisite. 
Depending on the intended application, EVs may be derived from various cell types, each with distinct safety profiles 
and regulatory pathways. Autologous versus allogeneic sources, donor variability, and the risk of tumorigenic potential 
must be rigorously evaluated Third, Good Manufacturing Practice (GMP) considerations introduce additional layers of 
complexity. Unlike synthetic nanocarriers, which benefit from well-established manufacturing workflows, EVs-based 
products require GMP-compliant cell culture systems, scalable isolation methods, and validated characterization assays 
to ensure product identity, purity, potency, and sterility. The absence of standardized regulatory frameworks specifically 
tailored to NMs-EVs hybrids further compounds these challenges, as existing guidelines for nanomedicines and cell- 
derived products may not fully capture the unique features of these combinatorial platforms.

Finally, multifunctional platforms combining NMs and EVs hold great potential in precision medicine, particularly in 
achieving integrated diagnosis and treatment, overcoming biological barriers, and enabling personalized disease 
intervention.14,85 By integrating imaging probes, therapeutic payloads, and targeting ligands into EVs-based nanocomposite 
systems, real-time disease monitoring and precise intervention can be achieved. However, to achieve this goal, breakthroughs 
are needed in material controllability, standardized preparation, scalable production, and long-term safety, along with the 
accumulation of sufficient data support from preclinical and clinical studies. To address these regulatory and safety challenges, 
future efforts should prioritize the development of standardized protocols and reference materials for NMs-EVs hybrid 
production and characterization. Establishing industry-wide consensus on critical quality attributes (CQAs) such as EVs 
particle concentration, NMs loading efficiency, surface marker profiles, and functional potency-will be essential for regulatory 
acceptance. Furthermore, adaptive regulatory pathways that allow for iterative refinement as understanding of NMs-EVs 
interactions evolves could accelerate clinical translation while maintaining safety oversight. Collaboration between academia, 
industry, and regulatory agencies (eg, FDA, EMA) is urgently needed to establish fit-for-purpose guidelines that accommodate 
the unique biological characteristics and manufacturing complexities of NMs-EVs platforms. Ultimately, the successful 
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clinical translation of NMs-EVs platforms will depend not only on scientific innovation but also on regulatory readiness and 
manufacturing robustness. Addressing batch variability, source control, and GMP compliance from the earliest stages of 
development will be critical to navigating the path from bench to bedside.

Conclusion
The interaction between NMs and EVs represents an important intersection between nanobiology and intercellular 
communication research. This interplay provides new opportunities to understand the biological fate of exogenous 
nanostructures in vivo and to develop innovative diagnostic and therapeutic platforms. Increasing evidence indicates that 
NMs can modulate EVs biogenesis, cargo composition, and membrane properties, thereby reshaping EVs-mediated 
signaling pathways involved in immune regulation, angiogenesis, and tissue remodelling. Conversely, EVs can function 
as natural carriers capable of internalization and transporting nanoparticles, enabling targeted delivery and functional 
enhancement and providing a structural foundation for multifunctional nanomedicine platforms.

In therapeutic applications, nano-functionalized EVs exhibit enhanced targeting capability, improved drug-loading 
efficiency, and an increased capacity to overcome biological barriers, demonstrating potential in the treatment of CNS 
disorders, precision oncology, and anti-inflammatory therapies. From a diagnostic perspective, NMs-induced alterations 
in EVs molecular profiles may serve as sensitive biomarkers for exposure assessment and early disease detection. When 
integrated with advanced nanotechnology detection technologies, these signatures may support the development of 
highly sensitive, multi-parameter liquid biopsy systems. In addition, emerging theranostic platforms integrating diag
nostic monitoring and therapeutic intervention offer promising strategies for precision medicine (Figure 4).

Despite these advances, several challenges remain. Beyond the scientific and technical hurdles discussed above, the 
clinical translation of NMs-EVs hybrid platforms faces regulatory and safety assessment challenges that are fundamental 
to their approval and commercialization. Batch-to-batch variability, EVs source control, and Good Manufacturing 
Practice (GMP) compliance introduce additional layers of complexity. The absence of standardized regulatory frame
works specifically tailored to NMs-EVs hybrids further compounds these challenges, as existing guidelines for nano
medicines and cell-derived products may not fully capture the unique features of these combinatorial platforms. The 
intrinsic heterogeneity of EVs populations, difficulties in their isolation and purification, and the lack of standardized 
toxicological evaluation frameworks for NMs continue to limit clinical translation. Future research should integrate 
multi-scale imaging, multi-omics approaches, and computational modelling to better define the dynamic interactions 
between NMs and EVs. On this basis, platform design, safety assessment, and manufacturing processes can be further 
optimized. Establishing standardized preparation protocols, robust quality control criteria, and clinical validation 
strategies will be essential for translating nano-EVs systems from laboratory studies to clinical practice.

Figure 4 Schematic overview of the NMs-EVs regulatory axis: mechanisms, applications, and challenges.
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Looking forward, advances in NMs-EVs biology may reshape the landscape of precision medicine. By elucidating 
how nanomaterials regulate EVs secretion, cargo programming, and biodistribution, this research field could enable next- 
generation liquid biopsy technologies with improved sensitivity and molecular specificity. Likewise, hybrid NMs-EVs 
delivery systems may offer unprecedented control over targeting accuracy, immune compatibility, and therapeutic 
payload design, positioning the NMs-EVs axis as a foundational framework for future diagnostic nanotechnology and 
personalized nanotherapeutics.
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