
Summary. Extracellular vesicles (EVs) are lipid bilayer 
nanoparticles that encapsulate proteins, lipids, nucleic 
acids, and small molecules and display low 
immunogenicity, high stability, and cross-species 
transmission. By applying engineering technologies, the 
surface of EVs can be modified and loaded with cargo 
with therapeutic properties. Thus, engineered EVs can 
play important roles in preventing and treating various 
diseases. However, many challenges and uncertainties 
are faced in the clinical translation of EVs. In this 
review, we comprehensively analyzed the types of EVs 
derived from animal cells, plant cells, and 
microorganisms and summarized their biological 
properties and potential for engineering modifications. 
Furthermore, we also explored their therapeutic potential 
and discussed recent advancements in relevant clinical 
trials, aiming to provide scientific guidance for future 
research on the engineering of EVs and precision 
treatment of clinical diseases. 
 
Key words: Extracellular vesicles, Cargos, Engineering 
modification, Disease treatment, Clinical trial 
 
 
Introduction 
 
      Extracellular vesicles (EVs) are nanoparticles 
released by natural membranes that cannot replicate and 
contain bioactive proteins, lipids, and nucleic acids, 
which can potentially be transferred to recipient cells to 
exert different functions (Zhao et al., 2024b). Natural 
EVs have gained interest as modern drug vehicles for 
targeted therapy due to their higher biocompatibility, 
lower immunogenicity, and better capacity for biofilm 
fusion compared with those of traditional artificial drugs 
(Chen et al., 2024a). However, the application of natural 
EVs in the treatment of diseases is constrained by their 

short half-lives, limited targeting ability and low yield. 
To address this, EVs can be loaded with drugs and 
artificially modified to target certain recipient cells, 
thereby broadening their prospects for clinical utility 
(Chen et al., 2024a). The main strategies for EV 
engineering include genetic engineering (GE), EV 
exogenous membrane modification, and exogenous 
loading cargos. A previous study revealed the 
effectiveness of engineered animal EVs (AEVs), plant-
derived EVs (PEVs), and bacteria-derived EVs (BEVs) 
in the treatment of diseases (Jones et al., 2022). 
Dendritic cell-derived EVs have been used to 
encapsulate melanoma tumor cell epitope peptides and, 
once introduced into the organism, target and activate 
CD8+ T cells to kill melanoma cells (Escudier et al., 
2005). In another study, anti-inflammatory methotrexate 
(MTX) was mixed with grapefruit-derived PEVs to 
develop MTX-PEVs, which improved colitis in mice 
(Wang et al., 2014). BEVs can be categorized into two 
types: cytoplasmic membrane vesicles (CMVs) released 
by Gram-positive bacteria and outer membrane vesicles 
(OMVs) released by Gram-negative bacteria (Jnana et 
al., 2023). In another study, siRNA targeting kinesin 
spindle protein (KSP) was loaded into E. coli OMVs, 
which were injected into ovarian tumor cells, resulting in 
increased apoptosis (Gujrati et al., 2014). These studies 
show that engineered EVs originating from animals, 
plants, or bacteria have promising clinical applications 
(Herrmann et al., 2021). Engineered EVs represent a 
significant advancement in the field; however, their 
application is limited by the lack of evaluations of their 
clinical safety (Liu et al., 2023c). Thus, in this review, 
we systematically summarized the biogenesis of natural 
EVs and their cargos, highlighted the strategies for 
engineering EVs and their applications in treating 
various diseases, and discussed future challenges and 
research directions in the field of engineered EVs. 
 
Biological properties of EVs 
 
      EVs are found in biological organisms such as 
animals, parasites (parasites EVs, PAEVs), plants, 
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bacteria, fungi (fungi EVs, FEVs), and mycoplasma 
(mycoplasma EVs, MPEVs) (Zeng et al., 2024a). 
According to size and occurrence, EVs are divided into 
exosomes, microvesicles and apoptotic bodies. However, 
there is no strict consensus on upper and lower size cut-
offs. Following the suggestions of the International 
Society for Extracellular Vesicles, the generic term 
“EVs” will be used in this review, which are classified 
by the prefix of biological origin (Welsh et al., 2024) 
(Table 1). In the following section, the biological 
properties of EVs are briefly introduced, including the 
EV biogenesis and cargo. 
 
Biogenesis of EVs 
 
      Increasing evidence has shown that there are 
significant differences in the biogenesis of EVs among 
various species (Fang et al., 2022). Notably, it has been 
widely accepted that the biogenesis of AEVs, PAEVs, 
and FEVs primarily occurs via the endosomal 
mechanism and membrane budding (Jiang et al., 2024) 
(Fig. 1a). Briefly, they commence with the invagination 
of the plasma membrane, resulting in the formation of an 
early endosome (EE). The Golgi can also contribute to 
the formation of EE. After maturation, the EE undergoes 
further invagination, leading to the formation of 
intraluminal vesicles (ILVs). These ILVs subsequently 
cluster to create multivesicular bodies (MVBs). The 
maturation of MVBs facilitates their fusion with the 
plasma membrane, mediated by molecules such as 
phosphatidylinositol, culminating in the extracellular 
release of ILVs as AEVs (Han et al., 2022). Moreover, 
AEVs, PAEVs, and FEVs are formed through direct 
outward budding and fission of the plasma membrane 
(Ma et al., 2025). 
      Alternatively, in addition to the endosomal pathway 
described above, PEVs can be produced through the 
vacuole regulatory pathway and the exocyst-positive 
organelle (EXPO) pathway (Fang et al., 2022) (Fig. 1b). 
The vacuole can release antibacterial proteins outside of 
Arabidopsis cells by fusing with the plasma membrane 

during infection by P. syringae (Rutter and Innes, 2017). 
Small vacuoles (SVs) containing ILVs were mainly 
matured from MVB fusion, while central vacuoles are 
derived from the subsequent fusion of SVs, suggesting 
potential connections between the vacuolar and 
endosomal pathways (Cui et al., 2019b). The EXPO 
pathway represents an unconventional secretion in plants 
characterized by a double-membrane EXPO that fuses 
with the plasma membrane and releases EVs into the cell 
wall (Wang et al., 2010). 
      MPEVs bud from the surface of the mycoplasma 
cells (Gaurivaud et al., 2018), where treatment of 
mycoplasma culture with ciprofloxacin elicits a notable 
increase in the level of MPEVs (Medvedeva et al., 
2014). However, research concerning the mechanisms 
involved in the biogenesis of MPEVs remains limited 
(Gaurivaud and Tardy, 2022). The biogenesis processes 
of OMVs can be classified into two main forms: outer 
membrane budding and cell autolysis (Toyofuku et al., 
2023). OMVs are primarily generated in the peptido-
glycan (PG) layer sites, which interact less with the outer 
membrane. The formation of OMVs is triggered by the 
accumulation of lipids, PG fragments, or misfolded 
proteins in the periplasmic space, which exert pressure 
against the outer membrane. Consequently, OMVs do 
not contain cytoplasmic contents but are rich in 
periplasmic proteins. Furthermore, some outer 
membrane components, such as lipopolysaccharide 
(LPS), PG, and other molecules, can enhance the 
bending process (Gan et al., 2023). Moreover, the PG 
layer of bacteria can be degraded by autolysin, phage 
invasion, and endolysin expression, resulting in the inner 
membrane protruding into the peripheral space or the 
membrane fragments generated by explosive cleavage of 
bacteria to form OMVs, thereby producing OMVs 
containing cytoplasmic contents. Bacteria can also 
autolyze and release OMVs when treated with sucrose 
fatty acid esters or exposed to environmental stress, such 
as cold shock, starvation, and hypoxia (Ofir and Sorek, 
2017) (Fig. 1c). In contrast, CMVs are released directly 
from the bacterial cell membrane (Fig. 1d), which can be 
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Table 1. Biological properties of EVs.

Size (nm) Surface marker Biogenesis Reference

AEVs
Exosomes 30-150 CD9, CD63, CD81 Endosomal mechanism Krylova and Feng, 2023
Microvesicles 150-1000 Membrane budding Xiong et al., 2024
Apoptotic bodies 1000-5000 Programmed cell death

PAEVs 30-500 HSP70, HSP83, PRL-1 Endosomal mechanism
Wowk et al., 2017; Da Silva Lira 
Filho et al., 2024

PEVs 30-500 PEN1, TET8 Endosomal mechanism, Vacuole, EXPO Rutter and Innes, 2017

BEVs
OMVs 20-1000 LPS, OMPA, OMPF Outer membrane budding, cell autolysis Liu et al., 2022; Xie et al., 2024a
CMVs 10-400 Lipoprotein Membrane budding Kopparapu et al., 2021

FEVs 20-100 SUR7, EVP1 Endosomal mechanism Dawson et al., 2020

MPEVs 70-220 Lipoprotein Membrane budding
Chernov et al., 2014; Gaurivaud and 
Tardy, 2022

HSP, heat Shock Proteins; TET9, tetraspanin 9; PEN1, penetration1; TET8, tetraspanin 8.



induced by endolysins, antibiotics, the environmental 
conditions surrounding the bacteria, spontaneous cell 
lysis within bacterial populations, cell wall-modifying 
enzymes, and PG-damaging enzymes (Toyofuku et al., 
2017; Liu et al., 2024a). 
 
Cargos carried by EVs 
 
      EVs encapsulate nucleic acids, proteins, and lipids, 
but predominantly nucleic acids (mainly sRNA and 
lncRNA), which are involved in various biological 
processes, including cellular communication, the 
regulation of physiological and pathological processes, 
intrinsic defense mechanisms, and immune system 
regulation (Chen et al., 2024c). AEVs and PAEVs can 
encapsulate viruses and, thus, could potentially influence 
disease progression by mediating viral spread. AEVs 
from liver cancer cells can encapsulate the hepatitis B 

virus (Wu et al., 2023), while PAEVs released by 
Leishmania encapsulate Leishmania protozoa RNA virus 
1, which triggers severe cutaneous leishmaniasis in mice 
(Atayde et al., 2019). Furthermore, emerging research 
has suggested that AEVs encapsulate and transport 
malfunctioning organelles when the lysosome is 
compromised. AEVs entrap and remove damaged 
mitochondria to sustain cellular homeostasis and prevent 
the buildup of harmful metabolites, and reactive oxygen 
species (ROS) (Liu et al., 2023b). Moreover, the number 
and quality of mitochondria within sperm cells directly 
influence male fertility, which, remarkably, can be 
modulated through mechanisms based on AEVs (Liang 
et al., 2023). Notably, tRNA can exist as tRNA-derived 
small RNA (tsRNA) and tRNA-derived fragments 
(tfRNA) in PAEVs and FEVs, and some may directly 
inhibit protein synthesis, and miRNA in host cells 
(Lambertz et al., 2015; Peres Da Silva et al., 2015; 
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Fig. 1. Biogenesis of EVs. AEVs, PAEVs, and FEVs are mainly generated by MVBs fusion with the plasma membrane and membrane budding. Plant 
cells also produce and uptake vesicles, but they use a unique organelle called EXPO and a vacuole to produce PEVs. OMVs and CMVs are produced 
through membrane budding and bacterial autolysis.



Rayner et al., 2017; Wang et al., 2019). Moreover, PEVs 
and FEVs contain few proteins and are associated with 
cell wall remodeling (Iravani and Varma, 2019; De 
Palma et al., 2020; Medina-Castellanos et al., 2023; 
Valdez et al., 2023). PEVs transport small secondary 
metabolites (such as flavonoids, saponins, poly-
saccharides, and alkaloids) (Zhao et al., 2024a). 
Capsaicin and gingerol in ginger-derived PEVs, naringin 
and naringenin in grapefruit PEVs, and sulforaphane in 
broccoli PEVs display strong anti-inflammatory 
properties (Kim et al., 2022b). Additionally, prions are 
secreted as unique proteins in FEVs with full infectious 
ability (Kabani and Melki, 2015; Kabani et al., 2020). 
However, the most abundant molecules present in FEVs 
are carbohydrates and glucuronoxylomannan (GXM), 
recognized as a primary virulence factor (Marina et al., 
2020). Interestingly, OMVs contain bacteriophage-
associated genes that are involved in gene transfer. This 
interaction can be mediated not only by bacteria and 
bacteriophages (Yaron et al., 2000) but also through the 
direct binding of bacteriophages to OMVs by receptor 
proteins (Stephan et al., 2020). However, the mechanism 
involved in the encapsulation of bacteriophages by 
OMVs is still unclear. In addition, OMVs released by 
intestinal microbiota can carry a variety of glycoside 
hydrolases, which are responsible for the degradation of 
polysaccharides in ingested foods (Sartorio et al., 2023). 
Few studies have reported the contents of MPEVs, but 
MPEVs released by A. laidlawii PG8 (Chernov et al., 
2014) and M. gallisepticum (Wang et al., 2024) have 
been found to contain proteins associated with 
mycoplasma virulence (Gaurivaud et al., 2018). 
Antibiotics can be packaged into MPEVs by culturing 
mycoplasma in a medium with antibiotic supplemen-
tation. MPEVs mediate the export of a quinolone-
resistance-determining region (QRDR) sequence to 
another mycoplasma, which suggests MPEVs might 
spread mutant genes within mycoplasma communities 
via horizontal gene transfer (Medvedeva et al., 2014). In 
general, EVs transport various cargos, and in-depth 
analysis of these cargos will support the selection and 
optimization of cargos in engineered EVs in the realms 
of targeted drug delivery and personalized medicine. 
 
The method of engineered EVs 
 
      Engineered EVs can be loaded with specific drugs 
and their modified surfaces, enabling targeting 
capabilities that promote targeted cellular uptake. EV 
engineering methods mainly involve GE, EV exogenous 
membrane modification, and exogenous loading cargos 
(Zhang et al., 2023a). The exogenous loading of cargos 
is used to load drugs directly into EVs, using methods 
such as incubation, transfection, electroporation, 
extrusion, freezing and thawing, surfactants, dialysis, 
and ultrasound. Since exogenous loading cargos have 
been extensively described in previous studies, this 
section is mainly focused on the GE of EVs and EV 
exogenous membrane modification.  

Genetic Engineering of EVs 
 
      GE can be used to modify the surface of EVs and for 
specific drug loading by acting on parent cells. Surface 
modification primarily involves transfecting a modified 
peptide plasmid or viral vector into a parent cell. This 
process allows the modified peptide to fuse with proteins 
on the membrane of EVs, assembling the modified 
peptide on the EV membrane. Common proteins used in 
this process include Lamp2b, Syntenin1, CD6, CD63, 
CD81, GPI, and Nefmut (Ferrantelli et al., 2019; 
Salunkhe et al., 2020). EV producer cells are genetically 
engineered to co-express a glycosylation domain within 
the EV scaffold protein CD63, enabling engineered EVs 
to display specific glycan ligands and achieve high 
targeting specificity (Zheng et al., 2022b). Additionally, 
EVs have been modified by linking Lamp2b to a 
chondrocyte affinity peptide (CAP) for chondrocyte 
targeting (Liang et al., 2022). Despite the rapid and 
specific nature of this method, the modifying peptides in 
EVs are prone to degradation by intracellular proteases. 
To enhance peptide stability, the stability of EV-
modifying peptides can be increased by attaching a 
glycosylation sequence to the peptides before fusing 
them to Lamp2b (Hung and Leonard, 2015).  
      Specific drug loading typically involves loading 
substances into cells and then relying on cargo-sorting 
processes to sort specific goods into EVs, which does 
not damage the integrity of the EV and has higher 
loading efficiency compared with exogenous loading 
(Chen et al., 2024a). Thus, understanding this complex 
sorting mechanism is critical for the use of this 
technology (Fig. 2). The sorting of miRNA into EVs 
may depend on EV-motifs such as CGGGAG (Rädler et 
al., 2023), CAUGUG, CCUCGC, and UGUGU (Garcia-
Martin et al., 2022). For example, EVs naturally carry 
anti-miR-6359 by adding CGGGAGC to the 3'-end of 
the anti-miR-6359 sequence (Xie et al., 2024d). 
Accordingly, the enrichment of specific sequence motifs 
within EV RNA may involve RNA-binding proteins 
(RBPs), including SYNCRIP (Hobor et al., 2018), 
AGO2 (Shirazi et al., 2021), YBX1 (Li et al., 2022a), 
HUR (Mi et al., 2022), VAP-A (Barman et al., 2022), 
FMR1 (Wozniak et al., 2020), LC3 (Leidal et al., 2020), 
ALIX FUS, and SYNCRIP (Statello et al., 2018; Rädler 
et al., 2023). Interestingly, LC3 participates in the 
loading of chromatin DNA (chDNA) into EVs by 
interacting with FOXM1 during autophagy (Zhang et al., 
2024c). Additionally, EVs show a preference for mRNA 
fragments with regulatory elements in the 3′-UTR, 
especially those with a 25-nt “Zip code” sequence 
featuring a core GTGCC motif and a single miR-1289 
binding site, and the MS2 binding site (MS2bs), a 
specific stem-loop structure in viral RNA affiliating to 
the bacteriophage coat protein MS2 (Bolukbasi et al., 
2012; Si et al., 2023). The interaction of protein and 
amino acid sequences determines whether a protein is 
encapsulated in EVs. The NDFIP1 molecule binds the 
WW motif of NEDD4, a ubiquitin ligase, through the L 
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domain, resulting in NEDD4 ubiquitination and sorting 
into EVs, which can be used to link the WW motif to 
target proteins and enable them to be sorted into EVs 
(Sterzenbach et al., 2017; Cheng et al., 2023). The 
lysosome-associated membrane protein 2, isoform A 
(LAMP2A), and the molecular chaperone heat shock 70 
(HSC70) were considered regulating proteins with the 
KFERQ motif for loading into EVs (Ferreira et al., 
2022). The coatomer proteins, COPA and COPB2, bind 
with an 18-amino-acid-signal sequence (PVRASRNKRP 
TFLKIKKP) to direct protein secretion into EVs 
(Gurriaran-Rodriguez et al., 2024). In addition, human 
renal cells treated with an N-terminal glycosylation 
inhibitor showed a significant decrease in glycosylated 
antimicrobial proteins within EVs, indicating that N-
terminal glycosylation is crucial for the efficient 
packaging of proteins into EVs (Naito et al., 2021). 
Moreover, tetraspanins on EVs (including CD63, CD81, 
TSPAN14, and CD9) are efficient loading scaffolds 
(Silva et al., 2021). Similarly, FK506-binding protein 
(FKBP) and FKBP12-rapamycin-binding protein (FRB) 
are efficient for EVs loading. Specifically, CD81 is 
coupled with FKBP, and the target cargos are engineered 
to have the FRB domain, which are sorted into EVs 

following the catalysis of rapamycin (Ilahibaks et al., 
2023). Besides, other EV-sorting proteins, including 
VSVG (Do et al., 2019), MARCKS, MARKCSL1, 
BASP1 (Dooley et al., 2021), LMP1 (Nkosi et al., 2020), 
BASP-1, PTGFRN (Dooley et al., 2021), TSPAN2, 
TSPAN3 (Zheng et al., 2023a), and ARRDC1 (Wang et 
al., 2018) have been identified. 
      EVs can be engineered into effective drug carriers 
by incorporating therapeutic proteins or nucleic acids 
and by modifying their surfaces for the treatment of 
conditions such as cancer, infections, and various 
diseases. At present, many studies have developed 
efficient RNA loading systems based on tetraspanins. 
For example, the CD9-HUR fusion protein effectively 
enriched EVs with miR-155 (Li et al., 2019). Similarly, 
most surface modifications are based on tetraspanins. 
We expect future research to focus on sorting 
mechanisms and to invent more efficient ways to 
improve the GE of EVs. 
 
EV exogenous membrane modification 
 
      In addition to GE, EVs can be directly designed 
using techniques such as non-covalent chemical 
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Fig. 2. The 
mechanisms of 
sorting cargo into EVs 
(Plotted based on 
references (Erana-
Perez et al., 2024)).



modification (NCM), covalent chemical modification 
(CM), hybridized membrane modification (HM), and 
external magnetic fields (EMF) (Fig. 3). 
      NCM refers to EVs being connected via weak 
interactions such as electrostatic interactions, aptamer 
binding, and hydrophobic interactions. Electrostatic 
interactions are often utilized to generate positive 
charges on the surface of EVs, which can then bind to 
negatively charged cell membranes, resulting in a 
targeting effect. For example, HeLa cell-derived EVs, 
which are charged due to cationic lipids, readily enter 
cells through charge affinity (Nakase and Futaki, 2015). 
Aptamer binding involves ligands such as short 
oligonucleotides or peptides with a specific three-
dimensional structure. These ligands can link to specific 
receptors to mimic the functions of antibodies (Wang et 
al., 2023). Previously, the E3 aptamer has been linked 
with EVs, which enables selective targeting of prostate 
cancer cells (Han et al., 2021). Nonetheless, this method 
of assembly tends to disrupt the lipid bilayer structure of 
EVs, which can affect their stability. EV membranes 
contain a high number of amphiphilic substances, such 
as PG, cholesterol, and glycolipids, allowing 
hydrophobic compounds to be loaded onto the surface. 
Polyethylene glycol (PEG) is a hydrophobic compound 
that is coupled to epidermal growth factor receptor 
(EGFR) to generate EGFR-PEG. When these complexes 
were incubated with EVs, the EGFR-PEG lipids were 
transferred to the EV membranes, endowing them with 
enhanced cell orientation and cycling time (Kooijmans 

et al., 2016).  
      CM is mainly achieved through click chemistry, 
peptide covalent binding, and protein ligases, and 
couples the modification groups to the surface of EVs to 
improve their targeting ability; however, the safety of 
these chemical groups still needs to be evaluated and the 
efficiency of the chemical reaction is difficult to control 
(Johnson et al., 2023). Click chemistry is a relatively 
simple and interference-resistant chemical reaction. 
Specifically, generating triazole rings through the 
catalysis of azide-alkynyl groups by copper ions enables 
the molecules to be covalently attached to the surface of 
EVs, thereby directly modifying the EV membrane (Xie 
et al., 2024c). This modification preserves the size and 
receptor cell internalization of EVs, successfully 
enhancing the targeting ability of EVs without impacting 
their functions and properties (Smyth et al., 2014). 
However, the copper used in click chemistry has 
cytotoxic effects. cRGD-EVs have been developed using 
copper-free click chemistry to modify mesenchymal 
stromal cells (MSCs)- derived EVs, which exhibited an 
enhanced affinity for integrin αvβ3 of cerebral 
endothelial cells post-ischemia (Tian et al., 2018). 
Nevertheless, click chemistry is time-consuming and the 
reaction conditions are hard to control; therefore, 
researchers developed an alternative method known as 
peptide covalent binding. For example, EVs linked with 
rabies viral glycoprotein (RVG) via a dioleoyl-
phosphatidylethanolamine N-hydroxysuccinimide 
(DOPE-NHS) linker have been developed. These 
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Fig. 3. The technology of engineered EVs. 



modified EVs precisely target the hippocampus in mice 
(Cui et al., 2019a). Alternatively, surface modification of 
EVs can be achieved through protein ligases, which can 
bind proteins with a specific sequence of amino acids 
and target proteins to EVs. The protein ligases 
SORTASE A and OaAEP1 have been used to modify 
EVs by attaching EGFR-targeting peptides. This 
approach enabled EVs to specifically bind to lung cancer 
cells (Pham et al., 2021).  
      HM modification involves the fusion of EVs with 
other lipid molecular layers (e.g., liposomes) through 
repeated freeze-thawing, extrusion, and co-incubation. 
Interestingly, AEVs and PEVs can be fused due to the 
similar biophysical properties of their bilayer lipid 
membranes (Lu et al., 2024). This optimizes the 
properties of EV surfaces, reducing their immuno-
genicity, improving their half-life in the bloodstream, 
and aiding their transfer to target cells (Liang et al., 
2021). In addition, HM modification increases the size 
of EVs and improves their ability to encapsulate a large 
cargo or drugs, thus addressing the disadvantage of 
natural EVs being unable to encapsulate large drugs. 
Furthermore, a hybrid delivery system that combines 
clodronate-loaded liposome and fibroblast-derived EVs 
with non-specific phagocytosis inhibition and fibroblast 
homing properties has been designed for the treatment of 
pulmonary fibrosis (Sun et al., 2021). However, this 
method destroys proteins on the membrane of EVs and 
makes it difficult to separate EVs from lipid molecular 
layers after binding (Choi et al., 2021).  
      EMF enhances EV modification by combining them 
with magnetic nanoparticles, in addition to chemical 
modification (Mishra et al., 2021). In 2016, Qi et al. 
coupled superparamagnetic nanoparticles-transferrin (M-
Tf) with EVs isolated from mouse blood to produce M-
Tf-EVs, and under the effect of EMF, the M-Tf-EVs 
could accurately target diseased cells (Qi et al., 2016). 
Superparamagnetic iron oxide nanoparticles (SPIONs) 
are used in another research; combinations of SPIONs 
and EVs loaded with BAY55-9837, a peptide used for 
the treatment of type 2 diabetes mellitus (T2DM), 
induced insulin secretion in diabetic mice using EMF, 
and these BAY-SPIONs-EVs had a longer half-life in 
plasma, 27-fold greater than that of BAY55-9837 alone 
(Zhuang et al., 2019).  
      In summary, each of these methods has advantages 
and disadvantages. GE provides products with high 
specificity and stability, but they are constrained by 
limited peptide expression, costliness, and long 
development times. CM and NCM modifications are 
simple and fast, but involve chemical reactions and 
produce by-products, and it is difficult to guarantee the 
yield. Additionally, it has a certain degree of toxicity. 
HM modification alters the structure of EVs, and EMF 
requires magnetism, which is not very common. These 
engineering strategies extend the targeting efficiency and 
therapeutic capabilities of EVs. Moreover, modifications 
can now be achieved by combining multiple 
technologies. SPIONs can be packaged into EVs, which 

bind to neuropilin-1-targeted peptides via click 
chemistry. These dual-modified EVs can successfully 
cross the blood-brain barrier (BBB) to specifically target 
gliomas and effectively divert chemotherapeutic agents 
(Jia et al., 2018). Although the targeting abilities of EVs 
when using EMF or click chemistry alone and in 
combination have not been compared, this study 
provides a reference for the development of combined 
modification strategies. 
 
Application of engineered EVs in disease therapy 
 
      To date, studies on engineered EVs have not 
progressed to the clinical translation stage for human 
disease treatment. Nonetheless, the potential of 
engineered EVs in disease treatment warrants 
exploration and is a promising therapeutic avenue for 
healthcare (Lai et al., 2022). In the following sections, 
we detail the application of engineered EVs in tumors 
and infectious diseases. Table 2 shows the novel 
research on engineered EVs in other diseases. 
 
Application of engineered EVs in tumor therapy 
 
      Tumors are one of the most challenging and major 
problems in the world. Precise drug delivery and drug 
resistance pose significant challenges. Currently, the 
main treatment methods for tumors are surgery, 
chemotherapy, radiotherapy, and immunotherapy (Desai 
et al., 2024). A study showed that engineered EVs can 
combined with radiotherapy to develop novel augmented 
radiotherapy. Au–OMVs, with two specific nano-
particles: gold nanoparticles (AuNPs) and OMVs from 
E. coli. have been synthesized. When administered in 
conjunction with radiotherapy, Au-OMVs produce 
radiosensitizing and immunomodulatory effects, 
successfully suppressing tumor growth in both 
subcutaneous glioblastoma-bearing and in situ (brain) 
tumor-bearing mice (Chen et al., 2021). 
      Chemotherapy is highly toxic to normal cells and 
presents multidrug resistance, and chemotherapy drugs 
cannot efficiently cross the BBB, blood-eye barrier 
(BEB), and blood-testis barrier (BTB), hindering the 
treatment of tumors of the brain, eyes, and testicles. 
Therefore, there is an urgent need to achieve precisely 
targeted drug delivery and combat drug resistance. To 
solve this challenge, engineered EVs are loaded with 
chemotherapy drugs. For example, attenuated 
Salmonella-derived OMVs containing fluorouracil, 
which resulted in fluorouracil inhibiting DNA synthesis 
in the tumor cells by inhibiting thymidylate synthetase, 
considerably inhibiting melanoma tumor growth (Chen 
et al., 2020). EVs loaded with chemotherapy drugs are 
modified to further improve toxicity to normal cells. 
Complex, DOX- and cRGD-modified fruit-derived EVs 
were assembled for manufacture. cRGD has a high 
affinity for integrin αvβ3 overexpressed in glioblastoma 
cells, which was modified to the fruit-EV's surface, 
enabling the complex to highly efficiently cross the BBB 
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and deeply penetrate glioblastoma tissues, thereby 
significantly extending the survival time of glioblastoma 
mice (Chen et al., 2023). 
      Immunotherapy is a treatment approach that 
leverages the immune system to recognize and attack 
tumor cells. This is primarily achieved through two key 
strategies: immune checkpoint inhibitors (ICIs) and cell 
therapy represented by CAR-T therapy (Brandenburg et 

al., 2024). ICIs are inhibitory signals that block immune 
checkpoint molecules, thereby enhancing the immune 
system's ability to recognize and attack tumor cells. 
Multiple immune checkpoint pathways have been 
identified, such as cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4) and programmed death-ligand 1 
(PD-1) (Li et al., 2018). A study reported that EVs 
derived from M1 macrophages were loaded with anti-
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Table 2. Application of engineered EVs in disease treatment.

Disease EV source Drug Method Model Function Reference

Tissue injury

LO2 cells Cytochrome C Electroporation
Hepatic ischemia/ 
reperfusion injury 
mouse

Ameliorating the damage to ischemic liver 
regions

Liu et al., 2024b

MSCs Angiogenin-1
Co-incubation, 
GE

Myocardial  
infarction mouse

Inducing angiogenesis and vascular 
maturation

Hu et al., 2022

ADSCs Natural HM HUVECs Promoting angiogenesis Ma et al., 2023
M2-
macrophage

miR-99a-5p HM Ldlr−/− mouse
Attenuating HOXA1; inhibiting foam cell 
formation

Xie et al., 2024b

Microglia 
cells

NR2B9c CM TBI mouse Mitigating the lesion volume
Haroon et al.,  
2024

Visceral 
disease

Macrophage 
cells

Resveratrol
Co-incubation, 
NCM

Sepsis mouse
Modulating the NF-B signaling pathway  
to mitigate disease

Zheng et al.,  
2023b

vMIP-sII GE, HM VM mouse
Regulating the immune micro- 
environment to achieve cardiac repair

Pei et al., 2024

Fibroblast IL-4 Transfection, GMLung injury mouse
Reducing IL-6 and IL-1 secretion;  
mitigating lung injury

Salazar-Puerta  
et al., 2023

MSCs miR-223, miR-21 CM
Myocardial  
injury mouse

Inhibiting cardiomyocyte apoptosis; 
reducing inflammation

Fan et al., 2022

Natural HM MI/R mouse
Switching M1 macrophage polarization 
towards M2 for cardiac repair

Li et al., 2022b

HEK293  
cells

NOX4 siRNA
Co-incubation, 
CM

Cardiac  
hypertrophy mouse

Reducing fibrosis and cardiomyocyte  
cross-sectional area

Kang et al.,  
2023

Blood miR-34a-RNPs
CM, 
Electroporation

MI mouse
Editing miR-34a genome; ameliorating  
MI injury and cardiac function

Mun et al., 2024

Endothelium miR-125b-5p
Co-incubation, 
GE

ALI mouse
Inhibiting cell apoptosis; protecting the 
intercellular junction

Gu et al., 2024

WJ-MSCs miR-let-7a-5p Electroporation ALI mouse
Downregulating SMAD2/3 phospho- 
rylation; Mitigating the fibrotic phenotype

Chen et al.,  
2024b

Panax miR-182-5p Electroporation, ALI mouse Regulating NOX4/Drp-1 to improve ALI Ma et al., 2024

Neurological 
diseases

Macrophages TGF-β GM
Spinal cord injury 
mouse

Restoring nerve function; promoting 
angiogenesis

Peng et al.,  
2023

M2 microglia SDF-1 NCM
Ischemic brain  
stroke mouse

Recruiting NSCs; promoting neuronal 
differentiation

Ruan et al.,  
2023

BMSCs Netrin-1
Transfection,  
GE

Spinal cord injury 
mouse

Attenuating inflammation and 
 accelerating axonal growth

Lu et al., 2023b

lncRNA KLF3-AS1 Transfection MCAO mouse Promoting Sirt1 deubiquitination eased I/R injury Xie et al., 2023
HEK293T 
cells

RVG, sgRNA, 
dCas9-DNMT3A

Transfection PD mouse
Decreasing α-syn elevation; improving 
motor ability

Kong et al.,  
2024

MSCs BDNF Transfection
Ischemic brain  
mouse

Upregulating related genes; activating 
BDNF/TrkB signaling

Zhou et al.,  
2023

CB2 receptor  
agonist AM1241

NCM AD mouse
Suppressing Aβ-induced neuronal 
apoptosis

Zhu et al., 2023

FTO-siRNA Ultrasound PD mouse
Suppressing α-Syn expression and 
dopaminergic neuronal death

Geng et al.,  
2023

Natural EMF MCAO-induced rats
Promoting the anti-inflammatory response 
and angiogenesis

Kim et al., 2020

HEK293  
cells

Sox10 Transfection
Demyelinating  
mouse

Enhancing MBP expression; reducing 
myelin damage

He et al., 2024

circ-DYM
Transfection,  
CM

MDD mouse
Binding to TAF1 reduces target gene 
expression and neuroinflammation

Yu et al., 2022

Tomafran Crocins GE
Neuroblastoma  
cells

Reducing oxidative stress and  
inflammation

Etxebeste-
Mitxeltorena  
et al., 2024

E. coli Pioglitazone Electroporation
Ischemic stroke 
mouse

Downregulating the activation of NLRP3 
inflammasomes and reducing reperfusion 
injury

Pan et al., 2023
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Table 2. (Continued).

Bone and 
Osteoarticulation

RBCs anti-miR-214 Electroporation OP mouse
Inhibiting miR-214 and osteoclast  
proliferation

Xu et al., 2023

Blood platelet Alendronate
Co-incubation,  
NCM

OP rats
Promoting osteoblast proliferation; reducing 
symptoms

Zheng et al., 
2022a

Expi293F cellsMMP13-siRNA NCM OA rats
Reducing MMP13; increasing COL2A1 and 
proteoglycan

Zhang et al., 
2024a

BMSCs lncRNA NRON Transfection OVX mouse Reversing bone loss; increasing bone mass Yang et al., 2022
RNF146 Transfection, NCM OP mouse Facilitating osteogenesis Gui et al., 2024

iPSCs Shn3-siRNA
Electroporation,  
NCM

OP mouse
Silencing Shn3-gene-enhanced osteogenic 
differentiation

Cui et al., 2022

E. coli SOST siRNA
Electroporation,  
GE

OP mouse
Regulating the WNT signaling pathway to 
induce osteogenic differentiation of BMSCs

Liu et al., 2023a

BMP-2 GE OVX mouse
Targeting BMSCs and induce osteogenic 
differentiation of BMSCs

Liu et al., 
2024a.b

Skin diseases
hASCs NF-ĸB siRNA Transfection, GE

Skin lesions  
mouse

Inhibiting NF-ĸB expression; accelerating 
diseased skin repair

Lu et al., 2023a

PMSCs miR-146a Transfection, GE
Diabetic wound 
mouse

Driving wound healing with less  
inflammation, collagen deposition

Li et al., 2023

Eye Diseases
T cells VEGF CM

Choroidal neovas-
cularization mouse

Inhibiting neovascularization in the eye  
area

Tian et al., 2021

MSCs
miR-5068;  
miR-10228

Electroporation DR mouse
Inhibiting the HIF-1α/EZH2/PGC-1α  
pathway; enhancing retinal repair

Sun et al., 2024a

Beauty

Dermal 
fibroblast

COL1A1  
mRNA

Electroporation Mouse
Producing continuous collagen to reduce 
wrinkle formation

You et al., 2023

ADSCs lncRNA H19 Transfection
UVB-irradiated 
mouse

Reversing epidermal thickening and  
collagen degradation

Gao et al., 2023

Leo
Acetyl 
hexapeptide-8

Ultrasound, CM
Mouse and  
zebrafish

Optimizing skin penetration to intensify 
beauty effects

Hou et al., 2024

Viral diseases
HEK293T 
cells

spCas9 RNP GE
HSV-infected  
mouse

Restraining viral replication; clearing HSV1 
virus in neural tissues

Wan et al., 2024

Metabolic 
disorders

HEK293T 
cells

LDLR mRNA Transfection FH mouse
Restoring LDLR expression; attenuating  
liver steatosis

Yang et al., 2023

M2-
macrophage

RIPK3-siRNA Transfection AIH mouse
Suppressing RIPK3 expression; mitigating 
hepatitis

Zhang et al., 
2024b

Autoimmunity
MSCs PD-L1 GE Psoriasis mouse Reshaping the inflammatory ecosystem Xu et al., 2022
HEK293  
cells

CD40, MMF GE SLE mouse
Blockading of CD40L; restraining  
production of antibodies from B cells

Fang et al., 2023

Autism MSCs miR-137 Co-incubation ASD mouse
Targeting the TLR4/NF-κB pathway; 
ameliorating autism-like behaviors

Qin et al., 2024

Chronic illness

HEK293T 
cells

miR-511-3p GE
miR-511-3p 
−/−asthma mouse

Binding and activating C3; reversing 
increased airway inflammation

Tu et al., 2024

Macrophage 
cells

PD-L1 and  
Gal-9

GE NOD mouse
Declining the proportion of CD4+ and  
CD8+ T cells infiltrating the pancreas notably

Yang et al., 2024

Milk Insulin Ultrasound T1D rats
More excellent and sustained  
hypoglycemic effect

Wu et al., 2022

Oral diseases
M2-
macrophages

Ckip-1-shRNA Transfection Cementoblasts
Boosting mitochondrial biogenesis  
through targeting Ckip-1

Huang et al., 
2024

ART EndMSCs CRISPR/dCas9 HM Mouse
Inducing miR-30d gene expression;  
improving blastocyst adhesion, invasion,  
and angiogenesis

Yaghoobi et al., 
2023

Fertility disease ADSCs TSG6 GE IUA mouse Reducing endometrium fibrosis in IUA mice Sun et al., 2024b

ADSCs: adipose-derived mesenchymal stem cells; AIH: autoimmune hepatitis; ALI: acute lung injury; ART: assisted reproductive techniques; ASD: 
autism spectrum disorder; Aβ: amyloid β; BDNF: brain-derived neurotrophic factor; BM: Brain metastasis; BMSCs: bone marrow mesenchymal stem 
cells; C3: complement C3; CDPs: cartilage-degrading proteases; Ckip-1: casein kinase 2 interacting protein-1; CL4: coupled cytokine-like 4; COL1A1: 
extracellular-matrix α1 type-I collagen; DC: dendritic cells; DHODH: dihydroorotate dehydrogenase; DR: diabetic retinopathy; ECs: endothelial cells; 
EndMSCs: endometrial mesenchymal stem cells; FH: familial hypercholesterolemia; GBM: glioblastoma; GPX4: glutathione peroxidase 4; hASCs: 
adipose mesenchymal stem cells; HBV: hepatitis B virus; HUVECs: human umbilical vein endothelial cells; IFN-γ: interferon-γ; IUA: intrauterine 
adhesion; Ldlr−/−: lacking low-density lipoprotein receptors; LDLR: low-density lipoprotein receptor; MCAO: middle-cerebral-artery occlusion; MDD: 
major depressive disorder; MI/R: myocardial ischemia reperfusion; MMP: myelin basic protein; MSR-1: Magnetospirillum gryphiswaldense; NOD: non-
obese diabetic; NOX4: NADPH Oxidase 4; NPNs: nano-pathogenoids; NLRP3: nucleotide oligomerization-like receptor protein 3; NSCs: neural stem 
cells; OA: osteoarthritis; OC: ovarian cancer; OP: osteoporosis; OS: osteosarcoma; OSCC: oral squamous cell carcinoma; OVX: ovariectomized; PCG-
1α: proliferator-activated receptor gamma coactivator-1α; PD: Parkinson’s disease; PMSCs: placental mesenchymal stem cells; PPM1D: p53-induced 
protein phosphatase 1; RBCs: red blood cells; ReN: ReNcell VM; RGC: receptor gamma coactivator; RHCs: retinoblastoma human cells; RNPs: 
ribonucleoprotein complexes; SDF-1: stem cell recruiting factor; SLE: systemic lupus erythematosus; T1D: type I diabetic; TAMs: tumor-associated 
macrophages; TBI: traumatic brain injury; TNBC: Triple-negative breast cancer; TRAIL: tumor necrosis factor related apoptosis-inducing ligand; VEFG: 
vascular endothelial growth factor;VM: viral myocarditis; VMP-II: viral macrophage inflammatory protein-II;VPA: valproic acid; VSV-G: vesicular 
stomatitis virus-glycoprotein; WJ-MSCs: Wharton's jelly-mesenchymal stem cells;α-syn; α-synuclein.



PD-1 and anti-CTLA-4, potentiating immunotherapeutic 
efficacy (Lin et al., 2024). Moreover, the combination of 
RNAi technology and engineered EVs has also been 
used in immunotherapy. EVs released from ReNcell VM 
(viral myocarditis) cells were loaded with PD-L1-siRNA 
and combined with c(RGDyK), reversing PD-L1 
expression on tumor cells and increasing CD8+ cytotoxic 
T-cell activity, halting tumor growth (Tian et al., 2022). 
CAR-T therapy is manufactured using lentiviral or 
retroviral vector transduction. However, the production 
of lentiviral or retroviral vectors is a time-consuming 
and expensive process. Engineered EVs can be produced 
at a lower cost and in a shorter time than viral vectors 
and can be used as vectors for CAR expression and 
targeted delivery of CAR constructs to T cells 
(Spokeviciute et al., 2024). Engineered EVs deliver 
CAR mRNAs by MS2-MS2bs, and express anti-
CD3/CD28 single-chain variable fragments (scFvs) on 
their surface, which activate T cells by engaging with 
their membrane CD3/CD28 and facilitate delivery of 
CAR mRNA into T cells with cancer cells killing 
capacity (Si et al., 2023). Moreover, engineered EVs can 
directly carry CAR activation T cells. For example, EVs 
expressing CD19 antigen were co-incubated with anti-
CD19 CAR-T cells with anti-tumor efficacy (Zhang et 
al., 2023b). 
 
Application of engineered EVs in infectious disease 
therapy 
 
      Infectious diseases induce inflammation and damage 
organs and systems and are usually caused by the 
infection of bacteria, fungi, and viruses. As described 
previously, EVs can be loaded with antimicrobials. For 
instance, Kaempferia parviflora EVs were co-incubated 
with clarithromycin (CLA) to produce CLA-EVs, which 
were localized to the cytoplasm and perinuclear region 
of gastric cells, inhibiting gastric cell inflammation 
mediated by H. pylori infection (Nemidkanam et al., 
2024). EVs equipped with antibiotics can also be 
combined with EMF across BBB for sonodynamic 
treatment of bacterial meningitis (Shi et al., 2023). 
Besides, mRNA can be directly encapsulated and 
delivered to recipient cells to express inhibitory proteins. 
In Shrivastava's research, they developed mRNA-loaded 

EVs, expressing ZFP-DNMT3A (recombinant fusion 
protein of zinc finger protein and DNA methyl-
transferase 3 A) causing the HIV-1 virus promoter to be 
methylated, significantly reducing expression levels 
(Shrivastava et al., 2021). Research has shown that 
engineered EVs carry overexpressed proteins for 
infectious disease therapy. Blocking the interaction 
between angiotensin-converting enzyme 2 (ACE2) on 
the cell membrane and S proteins is an important target 
for severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) drugs. ACE2-EVs were designed by 
CD9 scaffolds as a decoy receptor for the S protein of 
SARS-CoV-2 with superior antiviral efficacy (Kim et al., 
2022a). CRISPR/Cas9 can precisely identify and cleave 
specific sequences in the viral genome by designing 
guide RNAs (gRNAs). EVs offer a promising delivery 
for CRISPR/Cas9 ribonucleoproteins (RNPs). A 
previous study has shown that RNPs-EVs suppress 
Hepatitis B virus (HBV) antigens and load. RNPs were 
localized into EVs by GE technology, and vesicular 
stomatitis virus glycoprotein (VSV-G) was fused to EV 
membranes to enhance the nuclear translocation of Cas9 
in recipient cells. The gRNA guides the Cas9 protein to 
precisely cleave the covalently closed circular DNA 
(cccDNA) of HBV to suppress viral antigens and load 
(Zeng et al., 2024b). Moreover, hybrid EVs, formed by 
combining liposomes and OMVs, were loaded with 
CRISPR/Cas9 plasmids. These plasmids replicated 
within multidrug-resistant Acinetobacter baumannii and 
drug-resistant Pseudomonas aeruginosa and expressed 
ribonucleic proteins, leading to DNA cleavage and the 
introduction of irreparable chromosomal lesions (Jia et 
al., 2024). 
 
Advances in clinical trials of engineered EVs 
 
      As the number of studies on the role of EVs in 
disease pathways has increased, engineered EVs have 
been increasingly developed for disease treatment. 
Although the Food and Drug Administration (FDA) has 
not approved any engineered EV products for clinical 
use, the number of ongoing engineered EV-based 
clinical trials has rapidly increased in recent years (Lai et 
al., 2022). Some studies on engineered modified EVs for 
drug delivery are in the clinical trials stages; for 
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Table 3. Clinical trials of engineered EVs. 
 
Disease                                            EVs source                  Drug                               Phases             Recruitment               Number 
 
Colon cancer                                    Grapes                         Curcumin                             I                    Recruiting                NCT01294072 
Liver cancer                                      HEK293 cells               STAT6 ASO                        I                         End                     NCT05375604 
Solid tumors                                     HEK293 cells               STING agonists                   I                         End                     NCT04592484 
Lung cancer                                     Dendritic cells              Tumor antigens                   I                         End                     NCT01159288 
Irritable bowel syndrome                  Ginger                          Curcumin                     Unknown                  End                     NCT04879810 
SARS-CoV-2                                    HEK293 cells               CD24                                 I/Ⅱ                       End                     NCT04747574; NCT04969172 
Familial hypercholesterolemia          MSCs                           LDLR mRNA                       I               Not yet recruited           NCT05043181 
Cerebrovascular disease                 MSCs                           miR-124                              I                         End                     NCT03384433 
 
STAT6 ASO: STAT6 anti-sense oligonucleotide. 



example, modified MSC-secreted EVs can un-
ambiguously target the oncogene Kras in pancreatic 
cancer and improve the overall survival rate of mice 
with pancreatic ductal adenocarcinoma (Kamerkar et al., 
2017). This study has entered the phase I clinical trial 
stage (NCT03608631). The engineered-EV clinical trial 
studies are shown in Table 3 (clinicaltrials.gov). 
      Engineered EVs are capable of treating specific 
diseases, but their clinical translation must be achieved 
through industrial production. However, there is an 
urgent need to establish a systematic and standardized 
evaluation system for engineered EVs. The properties of 
EVs are dependent on their culture conditions, and 
engineered EVs from different mediums have distinct 
characteristics. For human disease applications, the 
cultivation method used should avoid non-human 
biomolecules, including bovine serum albumin (Song et 
al., 2022). Furthermore, the deleterious effects of serum 
on EVs cannot be overcome by removing identified 
components of serum, therefore, serum-free media is 
more suitable for culturing EVs (Bost et al., 2022). 
Producing large quantities of engineered EVs remains a 
significant challenge, but bioreactors such as the shaker 
bag and hollow fiber systems can be used to cultivate 
cells at scale for EV collection. Brief hyperthermia at 
40°C can boost production by 5.4 times, with enhanced 
EV properties remaining above 90% (Keysberg et al., 
2024). It is crucial to detect and assess cell culture 
parameters, such as eliminating contaminants and the 
number of cell passages and cell densities (Patel et al., 
2017). Additionally, storing EVs whilst maintaining their 
stability is a major challenge following the production of 
EVs in large quantities. Commonly, -80°C is used as the 
storage temperature, but it can impair functionality 
(Paganini et al., 2019). Adding protective agents like 
alginate or DMSO before freezing is a prevalent method 
to enhance stability (Görgens et al., 2022). Additionally, 
freeze-drying is frequently used for preservation 
(Charoenviriyakul et al., 2018). Engineered EVs risk 
immune rejection and adverse reactions. Therefore, they 
necessitate rigorous safety assessments, which involve 
monitoring parental cell selection, EV toxicity, and 
immunogenicity testing. Due to the lack of uniform 
safety standards for EVs, there is a need to refine testing 
methods like nanoparticle-tracking analysis, flow 
cytometry, and sequencing or discover new ones and 
establish a recognized evaluation system for safety and 
efficacy. 
 
Conclusions and Future Perspectives  
 
      EVs play a crucial role in intercellular communica-
tion, due to their low immunogenicity and high stability, 
and have great potential in clinical applications as they 
facilitate cross-species information exchange and 
regulation. EVs can be loaded with drugs and surface 
modified. GE mainly involves transfecting mother cells 
with vectors and viruses to enable the released EVs to 
carry targeted components. Simultaneously, drugs are 

sorted into EVs through cargo sorting processes, 
including EV-motifs, RBPs, mRNA fragments with 
regulatory elements in the 3′-UTR, interaction of protein 
and amino acid sequences, N-terminal glycosylation, and 
EV sorting protein. Chemical modification, covalent 
chemical modification, hybridization membrane 
modification, and external magnetic fields can enable 
EVs to be modified with targeted components and 
enhance their targeting capacity, thereby promoting their 
uptake and absorption by target cells. In comparison 
with traditional drugs, engineered EVs can more 
precisely attack diseased cells while reducing the risk of 
damage to normal cells. Consequently, engineered EVs 
have tremendous potential as drug carriers for various 
clinical treatments. However, engineered modifications 
may change the composition of EV and trigger 
biotoxicity, leading to activation of the immune system. 
At the same time, the selection of parental cells, culture 
conditions, and the detection of EV toxicity have 
hindered the large-scale generation and clinical 
application of EVs. In order to solve these problems, 
recognized and well-established safety standards are 
required to promote their application in clinical 
medicine. Research on safety modifications and more 
accurate targeted EVs is still in its nascent stages, 
necessitating systematic evaluation to facilitate their 
application in the clinic. Currently, clinical trials focus 
on natural EVs more than engineered EVs. This 
indicates significant potential for advancements in the 
therapeutic applications of engineered EVs, which hold 
promise for treating a wide array of diseases in the 
future. 
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