
Bioactive Materials 36 (2024) 126–156

2452-199X/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Review article 

Extracellular vesicles in nanomedicine and regenerative medicine: A review 
over the last decade 

Saeid Moghassemi , Arezoo Dadashzadeh , Maria João Sousa , Hanne Vlieghe , Jie Yang , 
Cecibel María León-Félix , Christiani A. Amorim * 

Pôle de Recherche en Physiopathologie de La Reproduction, Institut de Recherche Expérimentale et Clinique, Université Catholique de Louvain, Brussels, Belgium   
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A B S T R A C T   

Small extracellular vesicles (sEVs) are known to be secreted by a vast majority of cells. These sEVs, specifically 
exosomes, induce specific cell-to-cell interactions and can activate signaling pathways in recipient cells through 
fusion or interaction. These nanovesicles possess several desirable properties, making them ideal for regenerative 
medicine and nanomedicine applications. These properties include exceptional stability, biocompatibility, wide 
biodistribution, and minimal immunogenicity. However, the practical utilization of sEVs, particularly in clinical 
settings and at a large scale, is hindered by the expensive procedures required for their isolation, limited cir
culation lifetime, and suboptimal targeting capacity. Despite these challenges, sEVs have demonstrated a 
remarkable ability to accommodate various cargoes and have found extensive applications in the biomedical 
sciences. To overcome the limitations of sEVs and broaden their potential applications, researchers should strive 
to deepen their understanding of current isolation, loading, and characterization techniques. Additionally, 
acquiring fundamental knowledge about sEVs origins and employing state-of-the-art methodologies in nano
medicine and regenerative medicine can expand the sEVs research scope. This review provides a comprehensive 
overview of state-of-the-art exosome-based strategies in diverse nanomedicine domains, encompassing cancer 
therapy, immunotherapy, and biomarker applications. Furthermore, we emphasize the immense potential of 
exosomes in regenerative medicine.   

1. Introduction 

Exosomes and other small extracellular vesicles (sEVs) are particles 
that are enclosed by a phospholipids bilayer and can be secreted by 
various cells. These particles contain a variety of bioactive molecules, 
including proteins, lipids, and nucleic acids, and have been shown to 
play crucial roles in intercellular communication as well as the regula
tion of both physiological and pathological processes [1–3]. The Inter
national Society for Extracellular Vesicles (ISEV) has played a pivotal 
role in shaping EV research through its guideline called Minimal Infor
mation for Studies of Extracellular Vesicles (MISEV), introduced in 2014 
[4] and updated in 2018 [5]. This guideline provides standards for 
studying diverse EV subtypes and addresses challenges that arise while 
working with EVs, highlighting ongoing efforts to improve reproduc
ibility in EV measurements. Moreover, the European Cooperation in 

Science and Technology (COST) action, supported by the ISEV and EU 
Horizon 2020, provides recommendations for the pharmaceutical cate
gorization of new EVs-based therapeutics and studies for procedures 
structured according to pharmaceutical quality requirements [6]. 

Depending on their size and biogenesis, EVs can be categorized into 
three main groups: (i) exosomes (30–150 nm), originated from endo
somes; (ii) ectosomes and microvesicles (150–1000 nm), derived from 
plasma membrane; and (iii) apoptotic bodies (1000–5000 nm), which 
are formed through blebbing by cells undergoing apoptosis (Fig. 1a) 
[7–12]. Other EVs besides exosomes, microvesicles, and apoptotic EVs 
are large tumor-derived vesicles (oncosomes; 1–10 μm) [13] and 
migrating cells-derived vesicles (migrasomes; 500–3000 nm) [14,15]. 
Historically, Trams et al. [16] used the word “exosome” to describe the 
tiny vesicles with a lipid bilayer released by a variety of cultivated cells. 
Exosomes can be secreted by almost all types of cells [17], and they are 
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enriched with a variety of biological elements from their source cells, 
including proteins (e.g., adhesion molecules, cytoskeletons, cytokines, 
ribosomal proteins, growth factors, metabolic enzymes), lipids (e.g., 
cholesterol, lipid rafts, ceramides), and nucleic acids (e.g., DNA, mRNA, 
and miRNA) (Fig. 1b) [18–20]. The composition of the bigger exosomes 
was more similar to that of their parental cells [21]. Almost all forms of 
body fluids, including saliva [22,23], milk [24,25], amniotic fluid [26, 
27], serum or plasma [28,29], and urine [30,31], have been discovered 
to contain sEVs. Due to their intrinsic endogenous capabilities, including 
low toxicity, minimal immunogenicity, and capacity to transport cargo 
with high biocompatibility and stability, exosomes have gained an 
increasing interest in being employed in various biomedical applications 
and the attraction of the exosomes′ application in nanomedicine and 
regenerative medicine has been progressing in the last decade (Fig. 1c) 
[32–34]. 

Nanomedicine has emerged as a rapidly growing field due to the 
increasing interest in using nanotechnology to diagnose, treat, and 
prevent diseases, alleviate pain, and enhance human health [35–37]. 
The distinctive physicochemical properties of exosomes and other types 
of nanoparticles used in nanomedicine have resulted in a vast research 
and development area. These unique properties distinguish them from 
bulk materials and often lead to the emergence of new properties 
[38–41]. Exosomes generated by cancer cells have been found to 
transport tumor-promoting substances to normal cells, thereby altering 
the extracellular matrix and promoting immune evasion, which can 
facilitate tumor growth and spread [42–44]. Consequently, exosomes 
have been investigated as potential targeted delivery systems for cancer 
therapies and biomarkers for cancer diagnosis [45–48]. Exosomes 
derived from immune cells can also act as pro- or anti-inflammatory 
agents by transporting miRNAs, immunomodulatory cytokines, or 
other mediators between immune cells and other cell populations [49]. 

Regenerative medicine, another interdisciplinary field, employing 
biology, engineering, and medicine, is significantly advanced by the 
crucial involvement of exosomes. With their unique ability to modulate 
cellular functions, exosomes stand as promising agents in personalized 
and targeted regenerative therapies, signifying a significant leap for
ward in the transformative impact of regenerative medicine on patient 
care [32,50]. Exosomes derived from mesenchymal stem cells (MSCs) 
are a promising tissue engineering strategy for promoting tissue regen
eration [51]. MSCs have been extensively studied as a regenerative 
medicine therapy due to their ability to alter the microenvironment and 
secrete paracrine factors that promote tissue repair [52,53]. However, 
MSC transplantation has limitations such as immunological rejection, 
teratoma formation, and low regenerative efficiency [32]. MSC-derived 
exosomes can potentially overcome these limitations by delivering 
paracrine signals to surrounding cells. This review aims to explore 
state-of-the-art exosome-based approaches within multiple nano
medicine domains, encompassing cancer therapy, immunotherapy, and 
biomarker research. Additionally, we aim to underscore the potential of 
exosomes in the field of regenerative medicine. 

2. Exosomes, as cell-derived nanovesicles 

In recent years, nanovesicles have attracted significant attention due 
to their potential use in various applications, due to their various ad
vantages, including the ability to load both hydrophobic and hydro
philic agents, be functionalized, prolong the time of blood circulation, 
and increase drug permeability into biological membranes [54–58]. 
Exosomes, as cell-derived nanovesicles, have been shown to possess 
remarkable similarities to their artificial counterparts, such as liposomes 
and niosomes, in terms of their ability to encapsulate and deliver cargo 
to target cells. Furthermore, compared to synthetic vesicles, utilizing 

Fig. 1. Schematic illustration of extracellular vesicles’ classification based on their size and biogenesis (a), exosomes and their molecular composition, including 
proteins, lipids, and nucleic acids (b), and a graph representing the number of Scopus-indexed papers published in the last decade (2013–2023) regarding the use of 
exosomes in regenerative medicine and nanomedicine (c). 
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exosomes may present a significant advantage in terms of immunoge
nicity reduction [59]. Exosomes share similarities with cells in terms of 
their deformable cytoskeleton and cytoplasmic core, which has a 
“gel-like” consistency. These biophysical characteristics enhance exo
some structural integrity and stability during in vivo trafficking in the 
blood [59,60]. As exosomes continue to gain importance in research, 
their distribution among various cell types highlights their potential for 
a wide range of biological functions. Once considered mere cellular 
debris, exosomes emerged as critical players in intercellular communi
cation with various and significant roles [61–63]. Exosomes are 
involved in maintaining cellular homeostasis by carrying diverse pro
teins, RNAs, and lipids that can vary across different organisms, cell 
types, and physiological and pathological conditions [64,65]. Never
theless, some molecules are commonly found in exosomes, including 
certain CD markers, from the tetraspanin family, heat shock proteins 
(HSPs), and proteins that participate in exosome biogenesis and release 
[66,67]. 

2.1. Exosome biogenesis 

Biogenesis of exosomes has emerged as a subject of intense investi
gation in recent years. Notably, the role of proteins, such as members of 
the endosomal sorting complex required for transport, small GTPases, 
and glutaminase in exosome biogenesis, has been an important area of 
focus. To explore in-depth the involvement of these proteins in exosome 
biogenesis and the latest developments in the field, we recommend 
referring to the recent well-crafted review by Han et al. [68]. Generally, 
exosomes are formed inside endosomes, which are referred to as mul
tivesicular bodies (MVB). The biogenesis of exosomes begins with the 
inward folding of the cell’s plasma membrane, leading to the formation 
of an endosome. Although endosomes are known for their role in the 
autolysosomal degradation of cellular debris [69], the focus here is on 
exosome-related endosomes, which are essentially lipid vesicles. These 
endosomes undergo invaginations of their membrane, forming smaller 
nanovesicles (30–150 nm) [70], known as intraluminal vesicles (ILVs). 
The MVB containing these ILVs will fuse with the plasma membrane, 
allowing the release of the ILVs with specific cargo, which are called 
exosomes (Fig. 2) [71,72]. Exosomes then travel toward their target cell 
and fuse, releasing their contents, including cytosolic proteins, mRNA, 
miRNA, lncRNA, DNA, enzymes, transcription factors, and lipids [73, 
74]. 

2.2. Exosome isolation 

Isolating exosomes from biological sources is challenging due to their 
small size and heterogeneity. An ideal purification method should 
separate exosomes from interfering components like cellular debris and 
proteins. Currently, the clinical application of exosomes is mostly hin
dered by the lack of effective techniques for isolating exosomes from 
heterogeneous mixtures [75]. The exosome isolation techniques can be 
classified into two conventional and advanced groups (Table 1). 

2.2.1. Conventional exosome isolation techniques 
Conventional methods, such as ultracentrifugation, ultrafiltration, 

and size-exclusion chromatography (Fig. 3), have been widely employed 
for exosome isolation [89–91]. Ultracentrifugation is currently the most 
commonly used technique and operates on the principle that exosomes 
and contaminants in the sample have different densities and sizes [92]. 
However, this technique is time-consuming, results in low throughput, 
and necessitates specialized, and expensive equipment, i.e., an ultra
centrifuge [76,77]. As two other simple exosome isolation techniques, 
ultrafiltration and size-exclusion chromatography use filtering mem
branes with different pore sizes to isolate exosomes based on molecular 
size differences [93]. However, ultrafiltration may present certain 
challenges regarding reducing membrane lifetime and isolation efficacy 
due to vesicular clogging and entrapment. As an ideal solution, the 
tangential flow filtration technique can minimize the potential clogging 
by flowing a feed stream parallel to the membrane [78]. Recently, Chen 
et al. [94] have introduced a novel ultrafast-isolation system (EXODUS), 
which utilizes a dual membrane filter configuration and periodic nega
tive pressure and air pressure switching to generate periodic negative 
pressure oscillations on the nanoporous anodic aluminum oxide mem
brane. This allows small particles, such as proteins and nucleic acids, 
and fluids to pass through while retaining larger exosomes in the central 
chamber. The system also includes two pairs of oscillators that effec
tively limit fouling and particle aggregation by resuspending particles 
into the liquid via transverse waves and acoustofluidic streaming [94]. 
Size exclusion chromatography (SEC) is another method for exosome 
separation based on their size and molecular weight difference by the 
SEC column, which contains multiple holes and shafts. Despite its effi
cacy, SEC has limitations, as co-isolation of proteins with similar size 
and molecular weight is possible [81,82]. Another conventional method 
is immunoaffinity, which is based on antigen-antibody-specific reactions 
and can be used to separate and purify exosomes [83]. Although this 
method has a high specificity of exosome subtype isolation, it is not 

Fig. 2. Schematic representation of exosome biogenesis and detailed structure.  
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suitable for large-scale production and requires a purification step after 
antibody binding [83,84]. 

2.2.2. Advanced exosome isolation techniques 
Although widely employed, conventional methods for exosome 

isolation suffer from suboptimal efficiency due to several factors. These 
include the need for large volumes of samples, potential protein 
contamination, expensive instruments, low exosome recovery and pu
rity, and extensive isolation procedures [79]. In recent years, the field of 
nanotechnologies and microfluidics has made significant advancements, 
leading to the development of novel exosome isolation methods that are 
less time- and labor-intensive, require low sample volumes, and produce 
exosomes with high purity [95]. Microfluidic-based techniques for 
exosome isolation, which rely on physical properties or immunoaffinity, 
are powerful tools for quick, precise, and effective exosome isolation 
[75]. These techniques can combine multiple functions, such as exosome 
separation, in situ detection, and sample pretreatment, into a single chip, 
reducing sample loss and providing a highly efficient analysis [96]. 
Physical-property-based microfluidic isolation techniques use label-free 
strategies, such as nanofilters, nanoporous membranes, and microvilli. 
This method can be classified into two groups depending on the presence 
of external forces: (i) passive isolation methods, which rely on complex 
channel structures or hydrodynamic properties in microfluidic devices, 
and (ii) active isolation methods, which use external electrical, centrif
ugal, and acoustical forces to achieve faster isolation [75]. For example, 
in acoustic-nanofilter devices, the acoustic radiation pressure transports 
vesicles from the acoustic region to the nodes of the acoustic pressure 
region. Because the acoustic force is related to the vesicle volume and 
Sheath flows are located at the node area, large vesicles are removed 
while tiny ones are retained, allowing larger vesicles to move more 
quickly [85]. Other advanced methods for exosome isolation include 
immunoaffinity-based microchips that use either antibody-coated 
magnetic nanoparticles or antibodies/aptamers modification, known 
as mobile-coated and stationary-coated mediums, respectively. Gener
ally, magnetic nanomaterials in mobile-coated mediums provide higher 
surface area and maneuverability, improving the exosome collection/
release efficiency and the downstream microfluidics processing. In 
contrast, the stationary-coated media is based on interactions between 
exosomes and antibodies or aptamers attached to the surface of micro
channels, which could amplify capture affinity [79]. 

Recently, the efficiency in exosomal isolation could be improved by 

asymmetric-flow field-flow fractionation (AF4), which is a size-based 
isolation technique that offers programmable crossflow intensity. 
Briefly, this system is designed to transport samples from the inlet to the 
outlet of the chamber with the aid of a laminar flow. A perpendicular 
physical field is applied to facilitate the accumulation of samples at the 
bottom wall. It is noteworthy that the system exploits the Brownian 
motion phenomenon, whereby smaller particles exhibit higher mobility 
than larger particles or molecules in the flow. Consequently, smaller 
particles migrate further and faster than their larger counterparts in this 
system (Fig. 3) [87]. AF4 has demonstrated high reproducibility and 
purity in exosome separation, making it an attractive option for exosome 
isolation and purification [88]. However, this technique is subject to a 
limitation, as it can only accommodate small amounts of sample, usually 
between 40 and 100 μg. Consequently, it may not be deemed efficient for 
large-scale preparations [87]. 

2.3. Exosome characterization 

After isolation, exosomes should be carefully characterized using 
various techniques to verify the isolation process. Biophysical, imaging, 
protein, and nucleic acid characterizations are some of the most used 
methods for exosome characterization (Fig. 4). 

2.3.1. Biophysical characterization 
Dynamic light scattering (DLS) can estimate the size of nanoparticles 

in a suspension by analyzing the dynamic changes in the intensity of 
scattered light reflections of the particles under Brownian motion. DLS 
instruments, such as Malvern Zetasizer® and Wyatt DynaPro®, are 
commonly used for this purpose [104]. Another popular characteriza
tion tool that is often used in conjunction with DLS is the zeta potential, 
which measures the potential of a colloid particle moving in an electric 
field [105]. However, the limitation of DLS is its tendency to detect 
larger particles, which makes it unable to distinguish between combi
nations of microvesicles and exosomes [106]. Nanoparticle tracking 
analysis (NTA) is another physical technique that can be used to esti
mate particle concentration and size distribution by visualizing vesicles 
based on light scattering and tracking their Brownian motion [107]. 
Compared to DLS, NTA has higher peak resolution, but its measurements 
take more time, and multiple measurements are needed to obtain 
meaningful output [108]. The disadvantage of NTA is that it cannot 
detect the vesicles′ phenotype, and two populations can only be 

Table 1 
Conventional and advanced exosome isolation techniques and their advantages/disadvantages.  

Classification Isolation techniques Mechanism Advantages Disadvantages Ref. 

Conventional Ultracentrifugation Size and density Gold standard exosome isolation 
technique; absence of special reagents; 
suitable for large-scale production 

Requires expensive equipment; nonspecific 
purification; decrease in biological activity; low 
yield; time-consuming 

[6, 
76, 
77] 

Ultrafiltration Size and molecular weight Suitable for large-scale production; easy 
and fast isolation; absence of special 
equipment and reagents 

Filter membrane clogging and exosome loss; 
particle size heterogeneity 

[78, 
79, 
80] 

SEC Rapid, economic, and efficient isolation; 
high reproductivity and purity; 
availability of commercial kits 

Require special equipment; co-isolation possibility 
of similarly sized proteins 

[81, 
82] 

Immunoaffinity Antigen-antibody-specific 
reactions 

High purity; time-saving technique; high 
specificity of exosome subtype isolation 

Require purification step after antibody binding; 
not suitable for large-scale production 

[83, 
84] 

Polymer-based 
enrichment 

Solubility, dispersibility, 
and Surface charge 

High yield; availability of commercial 
kits; simple; possibility to be used in large- 
scale production 

Expensive; low specificity; possibility of free 
proteins and nucleic acid contamination 

[6, 
81] 

Advanced Label-free microfluidic 
platforms 

Size, density, and acoustic Time- and labor-saving technique; label- 
free; high efficiency; low sample volume 
consumption 

Require method validation and standardization; 
not being studied widely; low sample volume 

[85, 
86] 

Immunoaffinity-based 
microfluidics 

Antigen-antibody 
reactions and magnetic 
force 

Rapid and efficient isolation; high purity; 
Ability to combine multiple functions; low 
sample volume consumption 

Not suitable for large-scale production; expensive; 
requires method validation and standardization; 
exosomes attachment to the magnetic beads 

[79, 
86] 

AF4 Size, density, Brownian 
motion, and translational 
diffusion 

High purity; Rapid; High reproducibility; 
Mimic physiological conditions 

Not suitable for large-scale production [87, 
88] 

Abbreviations: SEC, Size exclusion chromatography; AF4, Asymmetric-flow field-flow fractionation. 
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distinguished if their particle sizes differ by at least 1.5 times [106,107]. 
Additionally, the diluents during the preparation may cause contami
nation. Flow cytometry (FCM) is another standard biophysical charac
terization method for exosomes. It allows for quick analysis of individual 
cells or particles as they pass in front of one or more lasers while floating 
in a buffered salt solution [109]. With this technique, it is possible to 
study the exosome subpopulations using specific surface markers 
expressed on individual exosomes [110]. However, traditional FCM 
techniques often struggle to accurately differentiate submicron particles 
from background noise. Recently, nano- and imaging-FCM have 
emerged as powerful and effective methods for discriminating and 
analyzing single submicron EVs [111,112]. In addition, Raman spec
troscopy is another biophysical characterization of exosomes. This 
label-free technique relies on the inelastic scattering of laser light caused 
by the interaction of photons with molecular vibrations. Interestingly, 
this method has also been used for the characterization [113]. 

2.3.2. Imaging 
The morphological analysis and size quantification of exosomes can 

be studied using imaging characterization methods, including scanning 
and (SEM) transmission electron microscopy (TEM) and atomic force 
microscopy (AFM). Cryo-electron microscopy (cryo-EM) helps to pre
serve the exosomes’ structure and prevent the crystallization of the 
sample [114]. AFM allows assessment of the mechanical properties, 
particle height, and biomolecular load of exosomes, which is useful for 
characterizing plasma-derived exosomes with unknown origins and 
designing and developing separation protocols [115]. However, AFM 
has some disadvantages, such as resolution limit, scanner drift, and 
changes in particle height due to the drying process [116,117]. 

2.3.3. Protein characterization 
The enzyme-linked immunosorbent assay (ELISA) and Weston blot

ting are two common methods for targeted protein analysis that have 

Fig. 3. Schematic illustration of exosome-isolation methods; Conventional isolation methods (a), including ultracentrifugation, ultrafiltration, size-exclusion 
chromatography, immunoaffinity, and polymer-based enrichment, and Advanced isolation methods (b), including (I) label-free microfluidic-based isolation in
cludes passive methods, such as nanowires-on-micropillar structure, in which exosomes can be trapped physically, or active methods, like acoustic-nanofilter device, 
that could separate the exosomes from microvesicles by acoustic radiation pressure, (II) immunoaffinity-based microfluidic isolation method includes an immu
nomagnetic isolation chip or mobile-coated mediums and the stationary-coated media, and (III) AF4 system, where elution occurs via laminar flow in a parabolic 
pattern and a cross-flow drives exosomes towards the membrane, countered by the exosomes’ size-related diffusion properties. 
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been widely used in various fields of molecular/biological sciences 
[118]. The foundation of ELISA is the establishment of antigen-specific 
antibodies and radioimmunoassay techniques, which allow for the in
direct quantification of proteins by labeling them with antibodies [119]. 
The principle of Western blotting, on the other hand, is immunochro
matography, where an antibody recognizes the target protein and the 
protein lysates can be separated by gel electrophoresis based on their 
molecular weight and isoelectric point [120]. While ELISA and Western 
blotting may only be able to determine the expression levels of a small 
number of specific proteins, various proteome profiling techniques such 
as mass spectrometry have emerged to evaluate complex protein mix
tures more sensitively [121]. ELISA, Western blot, and mass spectros
copy are conventional protein analysis methods that have been used for 
almost 40 years. However, due to their high sample requirement, and 
extensive processing and purification procedures, these methods are not 
ideal for clinical applications [118,122]. To overcome the technical 
challenges of conventional protein quantification, numerous novel 
protein analysis techniques, including small particle flow cytometry 
[123], nanoplasmonic exosome sensor [124], integrated 
magnetic-electrochemical exosome sensor [125], and micro-nuclear 
magnetic resonance [126] are currently under development [118,127]. 

2.3.4. Nucleic acids characterization 
Gene expression analysis is a widely used and effective technique for 

examining the transcriptional activity of biological systems, identifying 
disease-related cell states, and performing other functions [128]. Exo
somes have been found to contain various nucleic acids, such as DNA, 
single-strand DNA, mitochondrial DNA, miRNA, messenger RNA, and 
non-coding RNA [129,130]. DNA microarrays and RNA sequencing are 
the most common technologies used for global gene expression analysis 
[128]. In recent years, microarrays have been the most cost-effective 
and popular technique for gene expression analysis, despite their 
initial quantitative limitations [131]. RNA sequencing is known to 
provide more comprehensive gene profiling as it can simultaneously 

identify total gene expression levels and the various RNA types [132]. 
However, RNA-seq normalization methods are currently under devel
opment, and better approaches are still needed to provide a strong 
technical normalizing across a wide dynamic range of datasets [133]. 

2.3.5. Single-EV analysis 
Numerous techniques have been employed to analyze EVs, with 

earlier methods relying on bulk measurements requiring 102 to 106 EVs 
for a single measurement [134]. However, current research focuses on 
the development of single-EV analysis methods that are simple, sensi
tive, multiplexable, practical, and capable of measuring various pa
rameters [135]. Some of these novel methods include multifluorescence 
single-EV analysis [134,136], single-particle interferometric reflectance 
imaging [137], microfluidic resistive pulse sensing [138], and nanoflow 
cytometry [139]. In the field of cancer diagnosis, single EV analysis is 
regarded as the most reliable strategy to determine specific molecular 
and phenotypic features of the disease, including physical, genetic, 
lipidic, proteomic, and metastatic variations. Single-EV analysis is 
considered the most robust approach for detecting specific features of 
the disease with high accuracy and precision [140,141]. Therefore, the 
single-EV methods have not only generated more precise and compre
hensive data on EVs, facilitating a deeper understanding of their bio
logical functions but have also improved biomedical applications with 
the potential for disease diagnosis. The ability to measure EVs individ
ually has led to more accurate and detailed information, which can aid 
in the development of new therapies and diagnostic tools. Overall, the 
use of single-EV methods represents a significant advancement in the 
study of EVs and their potential clinical applications. 

2.4. Exosome loading methods 

The structure of exosomes includes a bilayer lipid membrane with 
ligands and receptors from their source cell surrounding a hydrophilic 
center that can be loaded with various types of cargo, such as drugs, 

Fig. 4. Exosome characterization methods; (i) Biophysical characterization: DLS [97], NTA [98], and flow cytometry [99]; (ii) Imaging: SEM [97], TEM [100], and 
AFM height imaging [98]; (iii) Protein characterization: ELISA [101], western blotting [100], and proteome profiling [102]; and (iv) Nucleic acid characterization: 
RNA-Seq and microarray gene expression platforms, genes (columns) and samples (rows) are organized hierarchically with dendrograms and clusters, upregulation is 
indicated by red on the heatmap, whereas downregulation is indicated by blue [103]. 
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genes, vaccines, and bioactive compounds [142]. Depending on the goal 
of the exosomal approach, the agents in the core, membrane, and surface 
can either originate from the source cell or be loaded after the exosome 
isolation. Therefore, various strategies have been developed for loading 
materials into exosomes, which can be classified into two types: (i) 
pre-isolation loading method, where the cargo can be loaded during 
their biogenesis in the source cell, and (ii) post-isolation loading 
method, which can be performed after exosome isolation using passive 
or active encapsulation techniques (as shown in Fig. 5 and summarized 
in Table 2) [6,122,143–146]. 

2.4.1. Pre-isolation loading method 
In the pre-isolation loading method, also known as the in vivo or 

endogenous loading method, exosomes are loaded with the cargo during 
their biogenesis in the source cell before they are released into the 
extracellular environment [144]. Pre-isolation loading can be achieved 
by different methods, including the co-incubation method, which in
volves adding the specific cargo to the source cell medium for a set 
amount of time, and the transfection method, in which specific plasmids 
are transfected into cells to overexpress desired nucleic acids or peptide 
agents [143,169]. These techniques are recommended for encapsulating 
a variety of types of nucleic acids in exosomes, and there are numerous 
reports of successful and functional delivery of siRNA and miRNA to 
target cells [170–172]. However, the amount of cargo loaded using the 
endogenous method is typically low, and more importantly, the 
entrapment efficiency cannot be controlled [144]. Nanomaterials, 
including metallic nanoparticles for magnetic targeting and magnetic 
resonance imaging, can also be loaded into exosomes using the 
co-incubation technique, although they may trigger autophagy and be 
destroyed in lysosomes [143,147]. Additionally, the treatment of the 
source cell may affect its viability or cause epigenetic changes [6]. One 
drawback of the co-incubation technique is that it is unclear whether the 
cargo is loaded during biogenesis or after the secretion, making it 
difficult to classify the loading method as either endogenous or passive 

exogenous [169]. 

2.4.2. Post-isolation loading method 
In the post-isolation loading method, also known as in vitro or 

exogenous loading technique, the efficiency of the loaded cargo is more 
controllable, allowing for manipulation and measurement of the amount 
of the encapsulated cargo, which can be defined as entrapment effi
ciency and loading capacity [173]. The post-isolation method has two 
subcategories: (i) passive loading method, where substances penetrate 
isolated exosomes and exosome-like nanoparticles by a gradient of 
concentration, without the need for an external force or energy source 
[174], and (ii) active loading process which involves a permeabilization 
procedure that can be achieved through various techniques [6]. Elec
troporation and sonication induce the formation of transient pores in the 
exosome’s membrane. Electroporation achieves this by subjecting the 
exosomes to an electrical field, while sonication utilizes high-frequency 
sound waves for the same purpose [97,158]. Extrusion is another active 
loading strategy that in the sEVs and cargo molecules can be co-cultured 
and then extruded using a syringe-based lipid extruder [159]. Moreover, 
a sequence of freeze-thawing cycles results in the disruption of the sEVs’ 
membranes, which allows for their loading [175,176]. Other active 
exogenous loading methods include hypotonic dialysis, pH gradient, and 
surfactant treatment. In hypotonic dialysis, which relies on osmotic 
pressure differences, the loading efficiency could be significantly 
enhanced by dialyzing exosomes and cargo through the mixing process 
within a dialysis membrane or tube [160]. The pH gradient method 
enhances cargo loading into exosomes by creating a pH differential 
between the exosome’s internal pH of 9 and a cargo solution adjusted to 
pH 4.5, resulting in a threefold increase in loading efficiency [145,162]. 
The surface treatment method involves applying surfactants like saponin 
or Triton to disperse exosomal membrane molecules, leading to the 
creation of pores on the exosomal surface and an increase in membrane 
permeability to facilitate the loading process [163,164]. 

Nooshabadi et al. (2020) employed different types of post-isolation 

Fig. 5. Schematic illustration of exosomes′ cargo loading methods, including pre-and post-isolation loading techniques.  
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techniques for atorvastatin loading in exosomes isolated from endome
trial stem cells, and the surfactant treatment method showed the highest 
entrapment efficiency, indicating that loading capacity is highly 
dependent on the loading method [97]. One transfection-based strategy 
to load small RNAs into exosomes is direct transfection [143]. In this 
method, exosomes may be chemically treated by commercial reagent 
kits, such as the ExoFectin® sRNA-into-Exosome Kit, to directly transfect 
them with nucleic acids [177]. Using the direct transfection method, 
miRNA-126 [165], miRNA-497 [150], and Tetraspanin 2 siRNA [166] 

have been loaded in breast cancer, embryonic kidney, and microglial 
cells-derived exosomes for cancer therapy applications, respectively. 
Although this technique facilitates control and characterization of 
loading efficiency, it is restricted to loading small RNAs. 

In situ synthesis is another active exogenous strategy to load nano
materials on the surface or in the core of exosomes without significantly 
impairing the exosome integrity. However, this approach is limited to 
loading noble metals and requires a complicated operating process [6, 
167,168]. 

Table 2 
Classification of cargo loading techniques for exosomes.  

Loading 
strategies 

Loading 
techniques 

Principle Advantages Disadvantages Example cargo Ref. 

Pre- 
isolation 

Co-incubation Membrane 
diffusion 

Easy to use, exosome integrity 
preservation 

Cargo cytotoxicity, low 
entrapment efficiency, size- 
dependent encapsulation 

Drugs (doxorubicin), nanomaterials 
(gold nanoparticles, iron oxide 
nanoparticles) 

[147,148, 
149] 

Transfection Gene edition Overexpression of target 
molecules; suitable for 
peptide agents and nucleic 
acids 

Epigenetic changes, low 
entrapment efficiency, the 
toxicity of transfection 
agents 

Proteins (myostatin propeptide, T7 
peptide), Nucleic acids (miRNA-497) 

[150,151, 
152] 

Post- 
isolation 
(passive) 

Incubation Membrane 
diffusion 

Easy to use, low-cost, exosome 
integrity preservation 

Low entrapment efficiency Drugs (gemcitabine), Proteins 
(catalase), Nucleic acids (miRNA- 
159), Nanomaterials (iron oxide 
magnetic nanoparticles) 

[153–155] 

Post- 
isolation 
(active) 

Electroporation Electric field-based 
pores creation 

Easy to use Exosome aggregation, low 
entrapment efficiency, 
require process optimization 

Drugs (doxorubicin), Proteins 
(tyrosinase-related protein-2), Nucleic 
acids (siRNA), Nanomaterials (gold 
nanoparticles) 

[156,157] 

Sonication Shear force-based 
pores creation 

High entrapment efficiency Exosome aggregation, 
bilayer damage risk 

Drugs (atorvastatin, paclitaxel), 
proteins, peptides, nanomaterials 

[97,158] 

Extrusion Membrane 
recombination 

High entrapment efficiency, 
size homogeneity 

Exosomal surface structure 
damage and recombine risk 

Drugs (doxorubicin), Proteins 
(catalase) 

[159] 

Freeze-thaw 
cycle 

Membrane 
recombination 

Easy to use, exosomes- 
mimetic particle generation, 
suitable for peptide agents 

Exosome aggregation Proteins (macrophages) [97] 

Hypotonic 
dialysis 

Concentration- 
based diffusion 

High entrapment efficiency Protein degradation risk, 
requires validation 

Drugs (doxorubicin, porphyrins), 
Nucleic acids (miRNA-93-5p) 

[160,161] 

pH gradient pH-based diffusion Easy to use Exosome aggregation, 
protein degradation risk 

Drug (piceatannol) [145,162] 

Surfactant 
treatment 

Active agent-based 
pores creation 

High entrapment efficiency Surfactant toxicity, cargo 
damage risk, require 
purification 

Drugs (porphyrins), Proteins 
(catalase) 

[163,164] 

Post- 
isolation 

Direct 
transfection 

Gene edition Easy to use Restricted to small RNAs′ 
loading 

Small RNAs (miRNA-497, miRNA- 
126, tetraspanin 2 siRNA) 

[150,165, 
166] 

In situ synthesis Chemical reaction Exosome integrity 
preservation, suitable for 
nanomaterials 

Complex operation processes 
and technological barriers 

Nanomaterials (gold nanopopcorn, 
palladium nanosheets) 

[167,168]  

Table 3 
Current clinical studies and trials involving exosomes, as reported by the National Library of Medicine in the USA.  

Exosome′s 
application 

Pathology Phase Start 
year 

Source of 
exosome 

Sponsor Clinical trial 
number 

Drug delivery NSCLC 2 2010 Dendritic cells Gustave Roussy, Cancer Campus, Grand Paris NCT01159288 
Irritable Bowel Disease NA 2018 Plant (ginger) University of Louisville NCT04879810 
Inflammatory responses (several 
diseases) 

1 2023 Engineered 
exosome 

ILIAS Biologics Inc. NCT05843799 

Therapy Psoriasis 1 2022 MSCs National University Hospital, Singapore NCT05523011 
Degenerative Disc Disease 1 2021 Blood cells Dr. Himanshu Bansal Foundation NCT04849429 
ARDS 2 2020 Bone Marrow Direct Biologics, LLC NCT04493242 
Oral Mucositis 1 2012 Plant (grapes) University of Louisville NCT01668849 
Severe Lung diseases 1 2020 Blood cells Ruijin Hospital NCT04313647 
SARS-CoV-2 PNEUMONIA 1 2020 MSCs Ruijin Hospital NCT04276987 
Covid19|SARS-CoV-2 pneumonia| 
COVID19 

1|2 2020 MSCs State-Financed Health Facility “Samara Regional 
Medical Center Dinasty" 

NCT04491240 

Biomarker Colorectal Cancer NA 2021 Blood CHU de Reims NCT04394572 
Obstructive Sleep Apnea 
Syndromes 

NA 2019 Plasma and 
serum 

University Hospital, Angers NCT03811600 

Hypertension NA 2016 Blood and urine University Hospital Inselspital, Berne NCT03034265 
Lung Cancer (diagnosis) NA 2017 Serum Wuhan Union Hospital, China NCT03830619 

Abbreviations: Non-small cell lung cancer, NSCLC; Acute respiratory distress syndrome, ARDS; Mesenchymal stem cells, MSCs; Parkinson’s Disease, PD; Not appli
cable, NA. 
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2.5. Exosomes in clinical trials 

However, this technique is time-consuming various fields such as 
diagnostics, drug delivery, and therapy, have garnered significant 
attention from the scientific community. The potential of exosomes for 
medical applications is reflected in the ongoing clinical trials, as pre
sented in Table 3. These trials highlight the vast possibilities that exo
somes offer in the medical domain. Thus, it is imperative to explore the 
potential of exosomes and their therapeutic applications in various fields 
of medicine. Despite exosomes attracting significant attention in recent 
years, their transition from laboratory to market is a complex process 
that presents several noteworthy challenges. Most importantly, the high 
cost of exosome isolation techniques limits their clinical use and restricts 
them to preclinical investigation. Therefore, developing rapid and cost- 
effective techniques that isolate exosomes with a high purity is needed 
for large-scale production [6]. Other technical and economic challenges 
are described in Section 7. Ensuring that these challenges are addressed 
effectively will be instrumental in successfully integrating exosomes into 
the marketplace. 

3. Exosome in nanomedicine and drug delivery 

Exosomes, which are biologically active nanovesicles, have been 
found to play a critical role in the formation, development, progression, 
invasion, and metastasis in the cancer microenvironment [178,179]. As 
a result, exosomes have great potential as therapeutic targets, drug de
livery systems for cancer therapy, and cancer biomarkers (Table 4) 
[180]. They not only aid in the treatment and prognosis of cancer and 
immunity conditions but also serve as cell-free vaccines for detecting 
and preventing illnesses [181,182]. Exosomes have several advantages, 
including excellent biocompatibility, high chemical stability, the ca
pacity to cross biological barriers and permeate tissue structures, as well 
as the ability to target specific tissues and increase productivity [18, 
181]. 

3.1. Exosome-based drug delivery for brain disorders 

Efficient therapies for the central nervous system and brain drug 
delivery have been a challenging area in nanomedicine in recent de
cades due to the existence of selective permeability barriers, such as the 
blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier 
(BCSFB) [89]. These barriers prevent the passage of nearly all 
large-molecule biological therapeutics, including recombinant proteins, 
monoclonal antibodies, and gene-based drugs, as well as around 98% of 
small-molecule pharmaceuticals [211]. Exosomes have been suggested 
to penetrate the BBB/BCSFB owing to their unique lipid/protein 
composition and deliver functional cargoes from hematopoietic cells to 
the brain [212]. Additionally, recent findings have demonstrated that 
exosomes play a crucial role in communication between neuronal cells 
and neuroprotection, supporting synaptic plasticity [213] and preser
ving neuronal integrity [214]. Due to their neuroprotective properties, 
exosomes are potentially therapeutic agents for treating neurodegener
ative disorders [215]. Glioblastoma, the most aggressive cancer type in 
the central nervous system, is challenging to treat due to drug resistance 
and the BBB presence [216]. However, it has been reported that 
transferrin-coated exosomes can target antisense miRNA oligonucleo
tides against miRNA-21, a promising therapeutic strategy for glioblas
toma, and deliver them more effectively to the brain [152]. The exosome 
can be easily isolated from the serum of clinical glioblastoma patients 
and then be used to provide their exclusive drugs [217]. Despite its 
immense relevance, the mechanisms of exosomal entry into the brain are 
not yet fully understood [212]. 

3.2. Exosome-based drug delivery for lung disorders 

Exosomal miRNAs and long noncoding RNAs (lncRNAs) may play 

important roles in the development of several respiratory illnesses, 
including asthma, lung cancer, and chronic obstructive pulmonary dis
ease [218]. Lung cancer, responsible for approximately 350 deaths per 
day in 2022, is the most common cancer with the highest morbidity rates 
[219]. However, chemo- and radiotherapy resistance frequently con
tributes to treatment failure in lung cancer, and some studies have 
suggested that exosomes can transfer these resistances from donor cells 
to recipient cells [220]. This indicates that the turnover of certain 
miRNAs in exosomes and their target genes may be a potential treatment 
approach for lung cancer. Exosomal miRNAs act as significant moder
ators of drug resistance acquisition in lung cancer cells [218]. For 
instance, when lung cancer cells are exposed to X-rays, miRNA-23a is 
released and expressed more in their primary exosomes. Human um
bilical vein endothelial cells can then take up this miRNA and use it to 
promote the proliferation and migration of recipient cells by inhibiting 
the expression of Phosphatase and tensin homolog (PTEN), which in
creases angiogenesis and radiotherapy resistance. Therefore, the exo
somal miRNA-23a/PTEN pathway may be a potential therapeutic target 
for reducing lung cancer’s radiation resistance [221]. 

Recent studies have shown that exosomes derived from breast cancer 
cells can interact with non-small cell lung cancer cells (NSCLC) in a 
specific manner through the surfactant protein C on the cancer cells and 
overexpressed integrin 4 on the exosome′s membrane, which may result 
in the internalization of the exosomes by the cancer cells [165]. More
over, Furthermore, exosomes derived from raw cow milk and loaded 
with siRNA against Kirsten rat sarcoma virus (KRAS) and functionalized 
with folic acid demonstrated significant inhibition of the A549 tumor 
xenograft model. Mutant KRAS has been implicated in the development 
of several malignancies, including lung cancer [198]. Exosomes have 
demonstrated potential in treating a range of pulmonary disorders 
beyond lung cancer. These include inflammation, injury, fibrosis, and 
asthma (Table 4). As such, exosomes have emerged as a potentially 
viable treatment option for these conditions. Further research into their 
efficacy and safety is required, but the potential therapeutic benefits of 
exosomes in treating these lung disorders could represent a significant 
breakthrough in the field of pulmonary medicine. 

3.3. Exosome-based drug delivery for liver disorders 

Hepatocellular carcinoma (HCC), also known as primary liver can
cer, is one of the most lethal tumors worldwide. In China, it is a prev
alent malignant tumor that ranks second in terms of mortality and third 
in terms of morbidity [222]. Traditional treatments for HHC show 
insensitivity or high, but miRNA-122, the most often discovered and 
widely investigated miRNA in liver disorders, can inhibit HCC devel
opment. Knockdown of miRNA-122 increases the viability of HCC cells 
[223]. Lou et al. reported that exosomes containing miRNA-122 isolated 
from adipose-derived stem cells (ASCs) have the potential to be an 
effective strategy to promote the chemosensitivity of HCC cells [206]. In 
another study, it has been observed that alcohol-exposed hepatic cells 
produce exosomes with higher miRNA-122, which are then taken up by 
macrophages and make them more sensitive to lipopolysaccharide, 
thereby increasing in vitro cytokine secretion [207]. 

Moreover, as many liver-related disorders are caused by mutations in 
a single gene, gene editing has emerged as a promising treatment 
strategy for liver diseases [224], and the CRISPR-associated nuclease 
protein 9 (Cas9)-based technologies have been established as an effec
tive tool for therapeutic genome editing [225]. In this regard, Wan et al. 
[210] reported the potential of Cas9 ribonucleoprotein (RNP)-loaded 
exosomes as tissue-specific gene therapy for liver diseases. In their 
study, they encapsulated RNP by electroporation of exosomes derived 
from hepatic stellate cells and assessed its CRISPR genome-editing 
therapeutic potential in liver diseases, including acute liver injury, 
chronic liver fibrosis, and hepatocellular carcinoma mouse models by 
targeting p53 up-regulated modulator of apoptosis (PUMA), cyclin E1 
(CcnE1), and K (lysine) acetyltransferase 5 (KAT5), respectively [210]. 
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Table 4 
Recent advances in exosome applications in nanomedicine.  

Disorder Pathology Exosome source Loaded agent Loading technique Characterization 
techniques 

Size 
(nm) 

Exosome advantage Ref. 

Brain Glioblastoma Ginseng vvi-miR-396b, 
ptc-miR-396g-5p, 
ptc-miR-396f 

Active post-isolation 
(Direct transfection) 

TEM, NTA, DLS, 
RNA-seq, lipid 
profiling, 
proteomics 

151.6 To enhance the targeting 
ability to the BBB 

[183] 

Human 
glioblastoma cell 
lines (U251, U87) 

Doxorubicin Active post-isolation 
(Sonication) 

DLS, TEM, WB, RT- 
PCR 

151.9 To allow targeted 
chemotherapy with a deep 
penetration into tumor 
parenchyma 

[184] 

Human 
endometrial stem 
cells 

Atorvastatin Active post-isolation 
(Sonication, freeze- 
thaw cycle, and 
surfactant 
treatment) 

DLS, SEM, WB, RT- 
PCR 

30–150 To increase intracellular 
uptake, induce glial cell 
death, and provide a 
sustainable atorvastatin 
delivery 

[97] 

Stable 293 T cell 
line 

Antisense miRNA 
oligonucleotides 
against miRNA-21 

Pre-isolation 
(Transfection) 

SEM, WB 15–50 To enhance the BBB 
penetration and bind the 
tumor transferrin receptor 
by the targeting ligand 

[152] 

Cerebrospinal fluid miR-1298-5p – TEM, WB, RNA-seq 30–100 To knockdown 
hnRNPA2B1 targeting 
glioma cells to block the 
process 

[185] 

Human leukemia 
monocytic cell line 
(THP-1) 

Temozolomide Pre-isolation (Co- 
incubation) 

NTA, WB 50–240 To increase BBB 
penetration ability and 
perfect GBM accumulation 
due to target ligands 

[186] 

Human brain 
neuronal 
glioblastoma- 
astrocytoma cells 
(U-87) 

Paclitaxel Passive (incubation) 
and active 
(sonication) post- 
isolation 

DLS, SEM, TEM 50–150 To increase the anticancer 
drug efficiency in 
glioblastoma multiform 
treatment 

[158] 

bEnd.3 Brain- 
derived 
Endothelial cells 

Doxorubicin Active post-isolation 
(Sonication) 

NTA, TEM, WB 116 To cross the BBB and target 
glioblastoma 

[187] 

Alzheimer ASCs Neprilysin (CD10) Pre-isolation 
(Transfection) 

DLS, TEM, WB, 
ELISA, RT-PCR, 
FCM 

110 ±
35 

To target the hippocampal 
area of the brain, reduce 
the production of the 
proinflammatory genes, 
and increase the anti- 
inflammatory gene 

[188] 

Plasma Quercetin Active post-isolation 
(Surfactant 
treatment) 

DLS, AFM, WB ~150 To enhance the 
bioavailability of quercetin 
and promote its brain 
targeting, thereby 
inhibiting neurofibrillary 
tangle formation 

[189] 

PD Human embryonic 
kidney cell line 
(HEK293T) 

DNA aptamers Pre-isolation 
(Transfection) 

TEM, WB ~100 To pass BBB and reduce the 
neuropathological and 
behavioral deficits in the 
mouse PD model 

[190] 

Human MSCs Catalase mRNA Pre-isolation 
(Transfection) 

NTA, RT-PCR, 
ELISA 

~100 To attenuate neurotoxicity 
and neuroinflammation in 
vitro and in vivo PD models 

[191] 

Huntington’s 
disease 

Human brain 
neuronal 
glioblastoma- 
astrocytoma cells 
(U-87) 

siRNA Passive post- 
isolation 

NTA, TEM, WB ~140 To promote the 
distribution of 
oligonucleotides and 
increase bilateral silencing 
of huntingtin mRNA 

[192] 

Human embryonic 
kidney cells 
(HEK293) 

miRNA-124 Pre-isolation 
(Transfection) 

WB, RT-PCR – To deliver miRNA-124 to 
the target gene in the 
striatum and produce a 
better therapeutic effect 

[193] 

CNS-TB BMSCs Rifampin Active post-isolation 
(Electroporation) 

NTA, TEM, WB 50–150 To increase brain targeting 
ability in vitro and vivo 

[194] 

Neuroinflammation BMSCs miRNA-193b-3p Active post-isolation 
(Electroporation) 

TEM, WB, NGS, 
RT-PCR 

~100 To target the brain after 
subarachnoid hemorrhage 
and weaken 
neuroinflammation by 
inhibition of the HDAC3/ 
NF-κB signal pathway 

[195] 

HAND HTHU microglia 
cells 

Tetraspanin 2 
siRNA 

Active post-isolation 
(Direct transfection) 

DLS, TEM 93–218 To increase the 
permeability rate, cross the 
BBB and can be used as an 

[166] 

(continued on next page) 
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Table 4 (continued ) 

Disorder Pathology Exosome source Loaded agent Loading technique Characterization 
techniques 

Size 
(nm) 

Exosome advantage Ref. 

efficient delivery vehicle to 
the central nerve system 

Lung Cancer BMSCs miR-30b-5p Pre-isolation 
(Transfection) 

NTA, TEM, WB, 
RNA-seq 

60–260 To prevent NSCLC 
progression by inhibition 
of EZH2 expression and 
PI3K/AKT signaling 
pathway 

[196] 

Human breast 
cancer MDA-MB- 
231 cells 

miRNA-126 Active post-isolation 
(Direct transfection) 

DLS, AFM, TEM, 
FCM 

30–120 To escape from innate 
immune cells effectively 
and cause an inhibitory 
effect on proliferation and 
migration in lung cancer 
metastasis model in mice 

[165] 

Human bronchial 
epithelioid cells 
(HBE) and NSCLC 
cells (A549 and 
H460) 

miRNA-126 Active post-isolation 
(Direct transfection) 

TEM, WB – To block the progression of 
NSCLC through the 
mediation of its target gene 
integrin alpha-6 by miRNA- 
126 overexpression 

[177] 

Human embryonic 
kidney 293T cells 

miRNA-497 Active post-isolation 
(Direct transfection) 

NTA, TEM, WB, 
RT-PCR 

30–100 To deliver miRNA-497 and 
cause inhibition in tumor 
growth, angiogenesis, and 
migration 

[150] 

Primary bone- 
marrow-derived 
macrophages 

Paclitaxel Active post-isolation 
(Sonication) 

DLS, NTA, WB 110.8 
± 4.1 

To increase the drug 
accumulation in cancer 
cells and prolong the blood 
circulation time 

[197] 

Raw cow milk siRNA against KRAS Pre-isolation 
(Transfection), and 
Active post-isolation 
(Electroporation) 

– – To effectively deliver the 
siRNA and significantly 
inhibit the A549 tumor 
xenografts 

[198] 

Acute lung injury ADSCs miR-125b-5p 
inhibitor 

Active post-isolation 
(Direct transfection) 

NTA, TEM, WB 117.5 To alleviate the injury and 
decrease ferroptosis 

[199] 

Inflammation Mouse blood serum miRNA-155 – NTA, TEM, WB 40–150 To promote macrophage 
proliferation and 
inflammation by targeting 
SHIP1 and SOCS1, 
respectively 

[200] 

Allergic asthma Bone marrow- 
derived 
macrophages 

DNA methyl- 
transferase 3A 

Active post-isolation 
(Surfactant 
treatment) 

DLS, TEM, RT-PCR, 
WB 

108 ±
3.2 

To silence the Dnmt3aos, 
the key target gene for 
allergic asthma, and reduce 
airway inflammation 

[201] 

Pulmonary fibrosis Murine fibroblast 
cell line (L-929) 

HSP70, CD9, and 
calnexin 

– DLS, AFM, WB ~120 To combine with 
clodronate-loaded 
liposomes promote 
liposomal penetration and 
increase the delivery 
efficiency 

[202] 

Liver HCC Human 
hepatocellular 
carcinoma cells 
(Hep3B) 

miRNA-125 – NTA, WB, RT-PCR 50–200 As a potential biomarker 
for diagnosis and prognosis 
of hepatic cancer 

[203] 

Human HCC cell 
lines (MHCC97-H, 
SMMC-7721, 
Huh7), Human 
normal liver cell 
line (7702) 

miRNA-320a – TEM, WB, RT-PCR 30–100 To transfer miRNA-320a 
which can suppress HCC 
progression as an 
antitumor miRNA by 
targeting PBX homeobox 3 

[204] 

HCC patients′ 
serum 

miRNA-718 – TEM, WB, RT-PCR 25–75 As a novel biomarker for 
predicting the recurrence 
and therapeutic targets of 
HCC 

[205] 

ASCs miRNA-122 Pre-isolation 
(Transfection) 

WB, RT-PCR – To enhance HCC 
chemosensitivity 

[206] 

Mouse blood serum Doxorubicin Passive post- 
isolation 

TEM, WB 40–110 To enhance cancer 
targeting by SMNC labeling 
and an external magnetic 
field 

[155] 

Alcoholic hepatitis Human 
hepatocytes and 
hepatoma cell line 

miRNA-122 Pre-isolation 
(Transfection) 

NTA, TEM, SEM, 
ELISA, WB, RT- 
PCR 

90 To reprogram monocytes 
inducing sensitization to 
LPS, inhibit the heme 
oxygenase 1 pathway, and 
increase the levels of pro- 
inflammatory cytokines 

[207] 

Fibrosis and injury ADSCs HGF Pre-isolation 
(Transfection) 

NTA, TEM, WB, 
RT-PCR 

40–100 To alleviate liver fibrosis 
and restore liver function 

[208] 

(continued on next page) 
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Viral hepatitis is the most prevalent liver infectious disease, and 
exosomes play a crucial signaling role in the interaction between he
patocytes, viruses, and the immune system following virus invasion, 
making them an attractive target for future viral hepatitis therapy plans 
[226]. It is noteworthy that once the hepatocytes are infected by hep
atitis viruses, the exosomes they produce play a critical role in both 
propagating the viruses and activating the body’s immune functions to 
combat the infection. This highlights the potential of exosomes as a 
valuable tool for studying the pathogenesis of viral infections and 
developing new therapeutic strategies [227]. It has been reported that 
hepatocytes infected with hepatitis B virus can produce exosomes con
taining miR-21, miR-192, miR-215, miR-221, and miR-222. These exo
somes have the potential to inhibit T cells from secreting IL-21, which is 
an important inflammatory molecule for hepatitis immunity. Conse
quently, this may hamper the immune system’s ability to kill this virus 
[228]. This finding highlights the significance of further research into 
the role of exosomes in the pathogenesis of virus-associated liver dis
ease. Such research could potentially provide important insights into the 
development of novel therapeutic interventions for this condition. 

3.4. Exosome-based drug delivery for other disorders 

Exosomes can be utilized as drug delivery systems for various types 
of cancer, not the brain, lung, and liver disorders. Doxorubicin, a 
commonly used drug for treating solid tumors [229], has been loaded 
into exosomes as a potential treatment for different cancer types, 
including osteosarcoma [175,230,231], colon cancer [232,233], 
ovarian cancer [234,235], breast cancer [236–238], and pancreatic 
cancer [239,240]. Hadla et al. [241] conducted a study on the thera
peutic effect of doxorubicin-loaded exosomes on breast and ovarian 
cancers. The results from both in vitro and in vivo experiments showed 
that the approach had higher cytotoxicity against cancer cells and 
greater tumor volume reduction compared to free doxorubicin [241]. 
Moreover, exosomes have been used to deliver other chemotherapy 
agents for various therapeutic applications, such as paclitaxel for pros
tate and pancreatic cancer therapy [242,243], curcumin for inflamma
tory diseases [244], and cisplatin for ovarian cancer therapy [245]. 
Exosomes from raw milk can potentially overcome physicochemical and 
pharmacokinetic limitations in delivering anthocyanidins, which are 
known as potent anti-oxidant, anti-proliferative, apoptotic, and 
anti-inflammatory agents in the past two decades, and have shown 
effectiveness against multiple cancer types, including lung, breast, 
ovarian, colon, pancreas and prostate cancers [246]. Furthermore, by 
modifying exosomal surface proteins, it is possible to impart cell and 
tissue specificity, resulting in targeted delivery of therapeutic agents or 
diagnostic markers. This property positions exosomes as a promising 

platform for personalized medicine strategies. However, further 
research is needed to fully understand the implications and potential of 
engineered exosomes in the context of biomedical applications [247]. 

4. Exosome in immunotherapy 

Exosome-based immunotherapy has drawn increasing attention in 
recent years as a promising method for cancer treatment [248]. Cancer 
immunotherapy is a therapeutic strategy aimed at regulating the im
mune system to overcome pathways that lead to tumor escape and to 
reactivate antitumor immune responses [249]. The goal of cancer 
immunotherapy is to enhance the activity of cytotoxic T lymphocytes 
within a tumor, prepare tumor-specific cytotoxic T lymphocytes for use 
in lymphoid organs, and establish efficient and long-lasting antitumor 
immunity. CD4+ T cells have also been shown to play a positive role in 
cancer immunotherapy [250]. Moreover, exosomes originated from 
CAR-T cells, NK cells, macrophage (M1), and tumor cells have been 
shown to improve immune responses and restrain tumor cells directly or 
indirectly [251]. 

Exosome-based cancer immunotherapy has highlighted the applica
tion of tumor-derived exosomes and dendritic cell-derived exosomes 
[252,253]. Tumor-associated exosomes were reported as a prospective 
antigen for immunotherapy based on dendritic cell vaccines. One study 
investigated the influence of tumor-associated exosomes on dendritic 
cells and demonstrated that they facilitated the maturation of these cells 
and improved histocompatibility complex cross-presentation more 
effectively than tumor cell lysates, thereby inducing a stronger cytotoxic 
T lymphocyte response to the specific tumor [254]. As a crucial type of 
antigen-presenting cell, dendritic cells play an important role in cancer 
immunotherapeutic strategies. Furthermore, exosomes secreted from 
dendritic cells have been identified to participate in antigen presenta
tion in the process of anti-tumor immune responses [255]. 

Research has discovered that tumor-derived exosomes become less 
immunogenic due to TGF-β1. However, under this background, exo
somes secreted from leukemia cells that have been silenced for TGF-β1 
(LEXTGF-β1si) have demonstrated a better outcome in inducing a partic
ular antitumor effect when compared to non-modified exosomes. The 
results have shown that LEXTGF-β1si can promote the proliferation of 
CD4+ T-cell and secretion of Th1 cytokine, more efficiently stimulating a 
particular response of cytotoxic lymphocytes and cytotoxicity of nature 
killer cells than non-modified LEX [256]. 

Currently, exosomes are primarily used as biological carriers for drug 
delivery in cancer immunotherapy and in the development of cancer 
vaccines [257]. An efficient cancer vaccine design should have the 
ability to induce both effective CD4+ and CD8+ T effector response and 
memory response. Although cancer vaccine designs are frequently 

Table 4 (continued ) 

Disorder Pathology Exosome source Loaded agent Loading technique Characterization 
techniques 

Size 
(nm) 

Exosome advantage Ref. 

BMSCs circCDK13 Pre-isolation 
(Transfection) 

NTA, TEM, WB, 
RT-PCR 

140.9 To inhibit liver fibrosis by 
regulating the expression 
of MFGE8 

[209] 

Hepatic stellate 
cells (LX-2) 

Cas9 
ribonucleoprotein 

Active post-isolation 
(Electroporation) 

DLS, TEM, WB 50–200 To facilitate cytosolic 
delivery of 
ribonucleoprotein in vitro 
and for specific liver tissue 
accumulation in vivo 

[210] 

Abbreviations: Populus trichocarpa, ptc; Vitis vinifera, vvi; Central nervous system tuberculosis, CNS-TB; Meta-tetra(hydroxyphenyl)chlorine, mTHPC; Non-small cell 
lung cancer, NSCLC; Bone marrow mesenchymal stem cells, BMSCs; Adipose-derived stem cells, ASCs; heterogeneous nuclear ribonucleoprotein A2B1, hnRNPA2B1; 
Flow cytometry, FCM; nanoparticle tracking analysis, NTA; scanning electron microscopy, SEM; transmission electron microscopy, TEM; atomic force microscopy, 
AFM; enzyme-linked immunosorbent assay, ELISA; Western blot, WB, dynamic light scattering, DLS; Next-generation sequencing, NGS; Reverse transcription poly
merase chain reaction, RT-PCR; mesenchymal stem cells, MSCs; histone deacetylase 3, HDAC3; HIV-1 associated neurocognitive disorders, HAND; Enhancer of zeste 
homolog 2, EZH2; Phosphoinositide 3-kinase/protein kinase B, PI3K/AKT; Adipose-derived stem cells, ADSCs; Hepatocyte growth factor, HGF; Milk fat globulin-EGF 
factor 8, MFGE8; Human telomerase reverse transcriptase immortalized human microglial cells, HTHU; Nuclear factor-κB, NF-κB; Kirsten rat sarcoma virus, KRAS; 
Parkinson’s disease, PD; Heat shock proteins, HSP; Hepatocellular carcinoma, HCC; Superparamagnetic magnetite nanocrystal clusters, SMNC; lipopolysaccharides, 
LPS. 
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suboptimal, they have shown promising results in clinical activity, 
especially in increasing overall survival [258]. A prophylactic vaccine 
was developed by using exosomes derived from murine ESCs (embry
onic stem cells) to produce ESC-exo/GM-CSF (granulocyte-macrophage 
colony-stimulating factor), the studies showed that the advance of 
metastatic lung tumors was inhibited in mice vaccinated with 
ES-exo/GM-CSF vaccine [259]. In addition, vaccines based on exosomes 
originating from dendritic cells have been confirmed to be simpler in 
terms of cost-effectiveness and management compared to dendritic cell 
vaccines [260]. Exosomes derived from various types of cells, including 
immune and cancer cells, have been used as a vaccine for treating 
colorectal cancer due to their simplicity, affordability, and lack of 
toxicity compared to traditional vaccines [261]. 

A study reported that exosomes enriched with HSP70 produced from 
heat-treated tumors generated potent Th1 immune responses, resulting 
in the elimination of cancer cells in murine models [262]. Additionally, 
a tumor vaccine was developed based on the design of exosome-like 
nanovesicles derived from FAP gene-engineered tumor cells (eNVs-
FAP). The eNVs-FAP vaccine induced efficient and robust cytotoxic T 
lymphocyte immune responses, inhibiting tumor growth [263]. 

Exosomes and exosome hybrids have also been used in drug delivery 
systems due to their biocompatibility, high bioactivity, and low toxicity 
[264]. Furthermore, exosomes have the prospect to transit medications 
through the BBB and go inside the targeted cells that have minimal 
immunogenicity [265]. In addition, one potential approach to improve 
the efficacy of immunotherapy is to selectively target tumor exosomes to 
reduce tumor-induced immunosuppression [235]. Such strategies may 
represent promising avenues for cancer research and treatment. 

Major histocompatibility complex on exosomes was found to be 
associated with anticancer immune responses mediated by exosomes 
[266]. Tumor-derived re-assembled exosomes can be used as not only a 
drug delivery carrier but also an immunostimulatory agent. For 
instance, Chlorin e6-loaded R-Exo facilitated the secretion of cytokines 
from immune cells [267]. Synthetic multivalent antibody retargeted 
exosomes were developed for the treatment of breast cancer, and they 
exhibited efficient specific anti-tumor characteristics both in vitro and in 
vivo [268]. The study of the molecular mechanisms of exosomes is sig
nificant for their application in cancer immunotherapy and the pros
pects of clinical application. 

5. Exosomes as a target in cancer therapy 

The tumor microenvironment is quite distinct from that of normal 
tissue, which has the potential to be used in targeted therapy. There is a 
growing acknowledgment of the significant role played by the tumor 
microenvironment in tumor evolution and metastasis. This microenvi
ronment is characterized by a multitude of pathological responses, 
including hypoxia, inflammation, and angiogenesis, and encompasses 
various cell types, including macrophages, dendritic cells, T cells, 
endothelial cells, and fibroblasts, along with extracellular matrix com
ponents, proteases, and cytokines [269,270]. Hypoxia plays a vital role 
in the complex mechanisms of cancer progression and metastasis. Un
derstanding these mechanisms helps the development of more effective 
treatments to combat cancer. In cancer immunotherapy, exosomes can 
be utilized as potential targets to enhance the immune response against 
cancer cells. By targeting exosomes, it is possible to modulate the tumor 
microenvironment and enhance the efficacy of immunotherapy. For 
instance, exosomes can be engineered to carry tumor-specific antigens, 
which can stimulate an immune response against cancer cells. Addi
tionally, targeting exosomes can also reduce the immunosuppressive 
effects of the tumor microenvironment, thereby promoting the activa
tion and proliferation of immune cells [248]. Exosome-based immuno
therapy that targets tumor-associated macrophages (TAMs) has been 
proven to be a promising treatment for glioma [271]. In addition, bio
engineered exosomes have been utilized to deliver effective anti-tumor 
medications, such as chemotherapeutic compounds and siRNAs, 

preferentially to cancer cells [182]. As another therapeutic targeting 
modality, angiogenesis-targeted cancer therapy holds promise for 
managing cancer progression by modulating the delicate balance of 
angiogenic and anti-angiogenic factors carried by exosomes [272]. For 
example, the PTEN/PI3K/AKT signaling axis, operating via the protea
some, regulates hypoxia-induced factor 1 alpha (HIF-1a) to control 
tumor-induced angiogenesis [270]. Exploring the clinical potential of 
antiangiogenic therapy and directing attention to these proangiogenic 
exosomes could open up novel avenues for cancer treatment [269]. 
Further research on exosomal miRNAs, mRNAs, and proteins is crucial 
to understanding and enhancing the inhibition of angiogenesis in 
endothelial cells for more effective treatments. 

6. Exosome in cancer biomarker 

The assessment of biomarkers in patient samples, such as blood, 
tissue, urine, and cerebrospinal fluid, has numerous benefits in 
oncology, including risk assessment, screening, differential diagnosis, 
prognosis determination, and disease progression monitoring [271,273, 
274]. The signal molecules present in exosomes from different types of 
cancer cells are not the same due to their specific surface proteins and 
other exosomal contents. Furthermore, the expression levels of these 
molecules in exosomes from one type of tumor cell differ from that of the 
molecules in serum and source cells [275]. Therefore, exosomes have 
been considered potential therapeutic targets and cancer biomarkers 
that help early cancer diagnosis, prognosis improvement, and higher 
survival rates [276,277]. Moreover, malignant cells produce a signifi
cantly higher number of exosomes than healthy cells due to their 
enhanced cellular activity. Therefore, in addition to other specific can
cer biomarkers, which may be more concentrated in exosomes than 
parental cells, the number of exosomes present in body fluids can serve 
as a diagnostic biomarker [278]. Exosomes are stable in biofluids and 
can be utilized for dynamic tracking [279]. Recent studies showed they 
could be employed as a promising perspective to develop novel bio
markers for various cancer types, such as Glioblastoma [280], gastric 
cancer [281], HCC [282,283], pancreatic cancer [284], melanoma 
[285], prostate cancer [286], and ovarian cancer [287]. Moreover, 
exosomes obtained from both urine and prostate cancer cell lines were 
subjected to RNA expression analysis, which revealed that known RNA 
markers for prostate cancer, such as the TMPRSS2:ERG fusion gene and 
prostate cancer antigen were detectable in exosomes using RT-PCR 
[288]. These findings suggest that exosomes may serve as a 
non-invasive diagnostic tool for prostate cancer, as they contain RNA 
markers commonly associated with the disease. Additionally, exosomes 
are useful biomarkers for a variety of other disorders, including neuro
degenerative diseases such as Alzheimer’s and Parkinson’s [289], liver 
disorders such as fibrosis [290], and alcoholic liver disease [291,292], 
cardiovascular diseases [293,294], and infectious diseases such as 
COVID-19 [295], HIV [296], and tuberculosis [297]. Recently, Jia et al. 
[289] reported that the neuronal-derived exosomal proteins 
growth-associated protein 43, neurogranin, synaptosome-associated 
protein 25, and synaptotagmin 1 can identify preclinical Alzheimer’s 
disease 5–7 years before cognitive impairment appears. Furthermore, 
neural-derived exosomes may serve as potential biomarkers for Par
kinson’s disease, as plasma levels of DJ-1 and α-synuclein, two mutated 
gene products at the early stage of the illness, have been reported to be 
present in exosomes [298]. Current research is underway to investigate 
the potential of exosomes as biomarkers for even more disorders, 
highlighting their versatility and potential in the field of medicine. To 
sum up, exosomes as multicomponent biomarker platforms play a sig
nificant role in the future of cancer biomarkers and further research is 
necessary to determine the clinical significance of these findings and to 
determine the potential utility of exosome-based diagnostics in cancer 
management. 
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7. Exosomes in regenerative medicine: tissue-specific 
applications 

Exosomes have revolutionized regenerative medicine with their 
multipotency and self-renewing properties. Exosomes reduce inflam
mation, apoptosis, while promoting proliferation and angiogenesis, 
making them a promising therapy for tissue regeneration in various 
organs (Table 5). Especially, MSCs-derived exosome, which have been 
shown to closely mimic the effects of the parent MSCs, transport various 
proteins, mRNA, and miRNAs to modulate the activity of recipient cells. 
Compared to MSCs, exosomes are more convenient to store and trans
port, and they may be a more effective and safer option than cell 
transplantation [299–301]. Moreover, exosomes have been incorpo
rated into scaffolds that are specifically designed for tissue engineering 
applications, which could induce enhancing cellular responses, 
including proliferation, migration, and differentiation, leading to 
improved tissue regeneration and repair [50]. This approach has been 
explored extensively a wide range of tissues, including bone [302,303], 
cartilage [304,305], skin [300,306], heart [307,308], liver [309], 
endometrium [310], and kidney [311,312]. 

7.1. Myocardial regeneration 

Regenerative medicine is a promising strategy in the regeneration, 
function restoration, or replacement of damaged myocardial tissue. 
Various types of sources of stem cells, including mesenchymal, cardiac, 
embryonic, hematopoietic, and cardio-sphere-derived stem cells, have 
been used to protect and regenerate cardiac tissue through the use of 
exosomes [421]. MSCs were the first type of stem cells used for 
myocardial regeneration [422]. Timmers et al. [423] reported that the 
conditioned medium obtained from MSCs was capable of reducing 
myocardial infarct size. Later, this group demonstrated that the condi
tioned medium consisted of exosomes with a diameter of 50–100 nm, 
which could be the reason for the reduction in myocardial injury [424]. 
Arslan et al. [320] created mice models of myocardial ischemia/r
eperfusion injury and demonstrated that exosomes obtained from MSCs 
conditioned medium could decrease the infarct size by decreasing 
oxidative stress, increasing ATP level, and activating the PI3K/Akt 
signaling pathway. In vivo studies have also shown that human umbilical 
cord MSCs conditioned media infused into AMI model rats can protect 
against apoptosis and promote endothelial tube formation. The groups 
containing exosomes derived from MSCs displayed a significant increase 
in Bcl-2 expression compared to the groups without exosomes in both 
normoxia and hypoxia [321]. 

Exosomes collected from rat myocytes release heat HSP20, which 
enhances angiogenesis by activating vascular endothelial growth factor 
receptor 2 [324]. On the other hand, exosomes from cardiomyocytes of 
type 2 diabetic rats exhibited anti-angiogenic properties due to con
taining more miR-320 and less miR-126 compared to the exosomes from 
non-diabetic rat cardiomyocytes [425]. These results emphasize the 
importance of the exosome source in determining its angiogenic effects. 

Exosomes secreted from atorvastatin-pretreated MSCs show 
myocardial protection by inhibiting apoptosis, decreasing IL-6 and TNF- 
α levels related to inflammation, reducing Col1a1 and Col3a1 levels 
related to fibrosis, upregulating lncRNA H19 expression related to 
angiogenesis regulation and treating myocardial injury [326]. Pre
treated MSCs can also be used to express exosomes for specific car
dioprotection. For instance, Yu et al. reported that MSCs transfected 
with the GATA-4 gene could significantly decrease the levels of miR-15 
families, which are associated with heart failure, as well as increase the 
levels of the anti-apoptotic factor Bcl-w [426] and miR-19a [327]. 

Exosomes derived from the blood of rats and humans express CD63, 
CD81, and HSP70. Ex vivo analysis of these exosomes revealed that 
cardio-protection results from the communication of HSP70 and toll-like 
receptor 4 and the activation of HSP27 [328], which enhances the 
myocardial response to oxidative stress [427]. Furthermore, 

extracellular vehicles present in the conditioned medium obtained from 
the culture of human cardiac progenitor cells demonstrate an apoptosis 
inhibitor role as well as enhancing endothelial tube formation, whereas 
EV-depleted medium does not show these results. Extracellular vehicles 
are positive for exosome markers (CD63, CD9, and CD81) as well as 
MSC/stromal markers (CD105, CD90, CD146, CD172, and NG2) [323]. 
Moreover, exosomal miRNAs secreted by hypoxic and normoxic cardiac 
progenitor cells indicate that 11 miRNAs increase in level in hypoxic 
conditions, and 6 of them are involved in cardiac function [428]. 

Exosomes from cardio-sphere-derived cells have also been used to 
regenerate the heart by transferring miR-146a [317], affecting nuclear 
factor κB phosphorylation and myogenesis in mdx mice [315], 
increasing Ki67-expressed cardiomyocytes and myoblast determination 
protein 1-expressed cells, and decreasing inflammation [316], upregu
lating pro-angiogenesis miRNAs (miR-210, miR-130a, and miR-126) 
and endothelial tube formation [318], and inhibiting apoptosis [429]. 

To target exosome delivery, Vandergriff et al. [325] conjugated 
exosomes obtained from either conditional media of 
cardio-sphere-derived cells or HT1080 with a cardiac homing peptide 
(CHP; CSTSMLKAC) to target infracted heart tissue and cells. The results 
indicated a high accumulation of exosomes in the infracted heart, a 
reduction of apoptosis, and an improvement of cardiac function and 
angiogenesis. Similarly, targeted exosomes ligated with a 
cardiomyocyte-specific peptide (CMP; WLSEAGPVVTVRALRGTGSW) 
were used to avoid exosome biodistribution and enhance exosome up
take by cardiomyocytes. To achieve this, plasmid cloning was employed 
to express Lamp2 on the external surface of exosomes, which were then 
bound to CMP [314]. Moreover, Mao et al. [313] demonstrated that 
exosomes conjugated with the heart homing peptide (HHP; CRPPR) 
reduced hypertrophy and improved heart function in a hypertrophy 
mice model. This effect was attributed to the improved accumulation of 
exosomes in the heart, delivery of miRNA-148a, and inhibition of 
β-MHC, BNP, GP130, p-STAT3, p-ERK1/2, and p-AKT [313]. Further 
exosome research sheds light on the precise process of myocardial 
regeneration and heart repair. 

7.2. Neuronal regeneration 

Exosomes derived from the nervous tissue are released by cells under 
both normal and pathological conditions, and they are considered to be 
clinical biomarkers for brain injuries [430]. However, it is well estab
lished that exosomes are also positively correlated with nerve and 
neuron regeneration. A feasibility study led by Ji et al. [431] suggested 
that serum exosomal miR-9 and miR-124 could be promising biomarkers 
for diagnosing and assessing the damage caused by an acute ischemic 
stroke. Yang et al. [329] showed that miR-124-enriched exosomes could 
also improve hippocampal neurogenesis after traumatic brain injury in 
rats by inhibiting the TLR4 pathway. Furthermore, Xin et al. [330] 
observed that miR-133b was transferred to rat neural cells via exosomes 
generated by MSCs, which stimulated neurite remodeling and functional 
recovery after stroke. This work revealed, for the first time, that MSCs 
can communicate with brain parenchymal cells via miRNA [330]. Zhang 
et al. [332] built upon Xin et al. [330] work and further demonstrated 
that exosomes generated from MSCs or human bone marrow MSCs 
increased angiogenesis and neurogenesis after traumatic brain injury in 
rats. Additionally, Zhang et al. [334] reported that exosomes derived 
from human umbilical cord MSCs could promote neuron regeneration 
after traumatic brain injury in rats while also inhibiting neuronal 
apoptosis and reducing proinflammatory cytokine expression by sup
pressing the NF-kB signaling. 

Building on recent observations of MSCs neuroprotective potential, 
Mead and Tomarev [333] induced the knockdown of Argonaute-2 (a key 
protein involved in the RNA interference function of miRNA) in bone 
marrow MSCs. As result, the exosomes released from these cells 
exhibited a reduced number of miRNAs, leading to impaired survival of 
retinal ganglion cells and compromised axon regeneration in rats. This 
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Table 5 
Recent advances in the applications of exosomes in regenerative medicine.  

Disorder Exosome source Aim of using exosomes Regenerative medicine methodology In vivo/In 
vitro 

Ref. 

Heart Cardiosphere-derived cells Improving cardiac functions after 
myocardial hypertrophy treatment 

Enhancing accumulation of exosomes by expressing heart 
homing peptide, miRNA-148a delivery, and inhibition of 
β-MHC, BNP, GP130, p-STAT3, p-ERK1/2, and p-AKT 

In vitro, in 
vivo 

[313] 

Enhancing endocytosis of exosomes by 
binding cardiomyocyte-specific peptide 

Ligation of modified exosomes to cardiomyocyte-specific 
peptide 

In vitro, in 
vivo 

[314] 

Modifying injured skeletal and cardiac 
muscle function 

Transcriptome profile reversion and increasing cardio 
myogenesis 

In vivo [315] 

Improving the cardiac functions in DMD 
patients 

Reduction in collagen I and III levels, increase in 
cardiomyocyte proliferation and MYOD levels, restoration 
of dystrophin levels 

In vivo [316] 

Cardiac regeneration Derived exosomes enriched in miR-146a, enhancing cell 
survival and angiogenesis 

In vitro, in 
vivo 

[317] 

Hypoxia-pretreated 
Cardiosphere-derived cells 

Cardio-protection Upregulation miR-210, miR-130a, and miR-126 and 
angiogenesis 

In vitro [318] 

MSCs Cardio-protection after ischemic injury HSF1 overexpressing MSCs and isolating miRNAs’ enriched 
exosomes 

In vivo [319] 

Reduction of infarct size Increasing ATP and NADH levels and phosphorylated-Akt 
and phosphorylated-GSK-3β, and decreasing oxidative 
stress and phosphorylated-c-JNK 

In vivo [320] 

Human UCMSCs Myocardial protection by preventing 
apoptosis of myocardial cells 

Increasing in Bcl-2 expression In vitro, in 
vivo 

[321] 

Cardiac regeneration after acute 
myocardial infarction 

Exosomal TGF-β3 could expand angiogenesis, diminish 
myocardial fibrosis, and preserve the heart function 

In vitro, in 
vivo 

[322] 

Cardiac progenitor cells Apoptosis inhibitor Enriching in miRNAs that inhibit apoptosis or help the 
formation of the endothelial tube such as miR-210, miR- 
132, miR-146a-3p, and miR-181 

In vitro, in 
vivo 

[323] 

Cardiomyocytes Angiogenesis HSP20 association with Akt and ERK signaling pathways 
and VEGFR2 activation 

In vitro, in 
vivo 

[324] 

HT1080 and cardiosphere- 
derived cells 

Targeting exosomes by cardiac homing 
peptide 

Target delivery of infracted heart, improve survival of 
neonatal rat cardiomyocytes, and vascularization 

In vitro, in 
vivo 

[325] 

Atorvastatin-pretreated 
MSCs 

Cardio-protection IL-6 and TNF-α inhibition, regulation of miR-675 
expression, activation of vascular endothelial growth 
factor, improve lncRNA H19 expression 

In vitro, in 
vivo 

[326] 

Transduced MSCs with 
GATA-4 

The effects of GATA-4 transduction on 
levels of miRs 

Increasing in miR-19a expression, decreasing in PTEN 
levels, activation of Akt and ERK signaling 

In vitro, in 
vivo 

[327] 

Blood Cardio-protection HSP70 and toll-like receptor 4 communication and HSP27 
activation 

Ex vivo [328] 

Central 
nervous 
system 

Rat multipotent MSCs Improve hippocampal neurogenesis in 
rats of TBI 

Exosomes carrying miRNA-124 are correlated with M2 
polarization of microglia via the TLR4 pathway 

In vivo [329] 

Stimulate neurite outgrowth after stroke Exosomal transfer of miRNA-133b to neural cells In vitro [330] 
Promote endogenous angiogenesis and 
neurogenesis and reduce 
neuroinflammation 

Correlated with suppression of activated microglia and 
macrophages by exosomes 

In vivo [331] 

Human BMSCs Promote endogenous angiogenesis and 
neurogenesis and reduce 
neuroinflammation 

Correlated with suppression of activated microglia and 
macrophages by exosomes 

In vivo [332] 

Promote retinal ganglion cells’ survival 
and regeneration of their axons 

Knockout of Argonaute-2, a key miRNA effector molecule In vitro, in 
vivo 

[333] 

Human UCMSCs Inhibition neural apoptosis, reduced 
inflammation and promoted neurological 
regeneration in rats after TBI. 

Suppression of NF-kB signaling pathway In vivo [334] 

Peripheral 
nervous 
system 

Rat ASCs PNS regeneration, by reducing apoptosis Upregulation the anti-apoptotic Bcl-2 mRNA expression 
and downregulating the pro-apoptotic Bax mRNA 
expression 

In vitro [335] 

Promote regeneration of the myelin 
sheath 

Kpna2 downregulation via miR-25b In vitro, in 
vivo 

[336] 

Murine ASCs Enhancing nerve regeneration after nerve 
crush injury 

Might be correlated with HDAC, APP and ITGB1, 
candidates involved in exosomes-mediated nerve 
regeneration 

In vivo [337] 

Modulate the microenvironment in neuro- 
inflammatory and neurodegenerative 
disorders. 

Associated with inhibition of apoptotic cascade In vitro [338] 

Human ASCs Promote neural survival and proliferation MALAT1 protein mediates the splicing of pkcδII, an anti- 
apoptotic protein 

In vitro [339] 

Rat BMSCs Stimulate peripheral nerves’ regeneration Closely related to expression of VEGFA and S100b genes via 
a miRNA-mediated mechanism 

In vitro, in 
vivo 

[340] 

Dedifferentiated Schwann 
cells 

Increased axonal regeneration in vitro and 
enhanced regeneration after sciatic nerve 
injury in rat 

Inhibition of GTPase Rhoa activity, thereby inhibiting 
axonal elongation and promoting growth cone collapse 
after activation 

In vitro, in 
vivo 

[341] 

Endothelial cells Boosting and maintaining the repair 
phenotypes of Schwann cells 

Stimulation of PI3K/AKT/PTEN signaling pathway In vitro, in 
vivo 

[342] 

Gingiva-derived MSCs Peripheral nerve regeneration Closely related to activation of c-JUN activity, and 
upregulation of Notch1, GFAP and SOX2 

In vivo [343] 

(continued on next page) 
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Table 5 (continued ) 

Disorder Exosome source Aim of using exosomes Regenerative medicine methodology In vivo/In 
vitro 

Ref. 

Pericytes Promote angiogenesis and cavernous 
nerve regeneration under diabetic 
conditions 

Might be correlated with Lcn2 which acts activating MAP 
kinase and PI3K/Akt and suppressing P53 signaling 

In vivo [344] 

Skin ASCs Molecular mechanism in skin wound 
healing 

Long noncoding RNA H19 targets miR-15 b y and this, in 
turn, targets SOX9, which activates the Wnt/β-catenin 
pathway 

In vitro, in 
vivo 

[345] 

Skin wound healing miR-19b exosome regular the TFG-β pathway by CCL1 In vitro, in 
vivo 

[346] 

Photoaging by UVB irradiation Upregulate the expression of type I collagen mRNA and 
downregulate the expression of type III collagen, MMP-1, 
and MMP-3 mRNA 

In vitro, in 
vivo 

[347] 

Inflammatory response and skin wound 
healing 

Reduces the lipopolysaccharide-induced inflammatory 
mRNA and M1-type macrophage-specific marker 
expression and increases cytokines IL-10, VEGF, and TGF-β 
and M2-type macrophage marker Arg1 expression 

In vitro, in 
vivo 

[348] 

Human platelet lysate Skin aging Reduces MMP-1 levels and, consequently, increases 
collagen levels 

In vivo [349] 

Bovine milk Aging and skin hydration Hydrating effect on keratinocytes through the increase of 
filaggrin and CD44 receptor. 
Hydrating effect on fibroblasts through the increase of 
HAS2. Prevents the decrease of type II and III collagen after 
exposure to UVB rays. 

In vitro, in 
vivo 

[350] 

Bovine colostrum Improves on aging and UV-induced 
damage to various skin cells 

Antioxidant effect on keratinocytes by reducing 
intracellular ROS through the glutathione oxidation 
pathway. Effect on elasticity by decreasing MMP2 
expression. 

In vitro [351] 

Solanum tuberosum Photoaging by UVB irradiation Inhibition action on MMP1, 2, and 9, as well as on the 
cytokines IL6 and TNF-α in keratinocytes. Antioxidant 
effect through the expression of glutathione S-transferase α 
4 

In vitro [352] 

Lactobacillus plantarum Skin aging Decrease MMP-1 mRNA expression and elastase activity 
and increase filaggrin mRNA expression and HAS2 protein 
expression. 

In vitro, in 
vivo 

[353] 

Apple Skin aging and reparation Negative effect on the activity of Toll-like Receptor 4 and 
NF-κB pro-inflammatory pathway 

In vitro [354] 

Human amniotic fluid- 
derived stem cells 

Skin wound healing Decreased secretion of inflammation-associated cytokines 
through CXCR4 

In vivo [355] 

Human UCMSCs Molecular mechanism in skin wound 
healing 

PI3K/AKT pathway is regulated by phosphatase and tensin 
homolog 

In vitro [356] 

BMSCs Photoaging by UVB irradiation Suppressed the mRNA of MMP-2 In vitro [357] 
Hypoxia-pretreated ASCs Regenerative effects in UVB-induced skin 

injury 
circ-Ash 1l targets miR-700-5p and GPX4, and miR-700-5p 
target GPX4. 

In vitro, in 
vivo 

[358] 

Epidermal stem cells Skin wound healing May inhibit the differentiation of fibroblasts to 
myofibroblasts via suppressing TGF-β1 expression via miR- 
425-5p and miR-142-3p 

In vivo [359] 

Human dermal fibroblast Photoaging by UVB irradiation Increased procollagen type I expression and a decrease in 
MMP-1 expression, mainly through the downregulation of 
TNF-α and the upregulation of TGF-β 

In vitro, in 
vivo 

[360] 

Acellular gelatinous 
Wharton’s jelly of the 
human umbilical cord 

Mechanism of action in skin wound 
healing. 

Could be related to the paracrine effects of alpha-2- 
macroglobulin 

In vitro, in 
vivo 

[361] 

Human pluripotent stem 
cells 

Photoaging by UVB irradiation and 
natural senescence 

Decreases mRNA expression of MMP-1 and MMP-3 
Increases the expression of type I collagen mRNA. 

In vitro [362] 

Muscle ASCs Regeneration of skeletal muscle defect Enhancing myocyte proliferation as well as MYOG and 
MYOD genes 

In vitro, in 
vivo 

[363] 

Muscle regeneration Increasing the number of centrally located nuclei In vivo [364] 
C2C12 myoblasts Promoting the musculoskeletal repair and 

regeneration 
Exosomes derived from mechanically strained C2C12 cells 
improved cell proliferation and differentiation 

In vitro [365] 

Reveal the mechanism of interactions 
between exosomes and muscle 
regeneration 

Increasing the levels of Pax7; an increase on day 3 and 
decrease on day 5 of peroxisome proliferator-activated 
receptor γ (PPARγ) levels, α-SMA, Collagen-1 

In vivo [366] 

Detecting endocrine signal role of 
exosomes 

Regulating miRNAs, which are important for cell 
differentiation and growth control as well as myogenesis 

In vitro [367] 

M2 macrophages The role of exosomes derived from M2 
macrophage on muscle regeneration 

Exosomes enriched in miR-501, targeting Yin Yang 1, and 
increasing the levels of MyHC and MyoG 

In vitro, in 
vivo 

[368] 

PRPs and MSCs Functional recovery of injured muscle Increase in the expression of MYOG in PRP-exosome group; 
reduction of TGF-β in MSC-exosomes group; no effects on 
MYOD and IL-1β levels 

In vivo [369] 

MSCs Muscle regeneration Exosomes enriched in miR-21, miR-1, miR-133, miR-206, 
and miR-494 enhance tube formation and improve 
vascularization; increase myofibers diameter and centrally 
located nuclei; decrease fibrotic area; increase MYOD and 
MYOG expressions 

In vitro, in 
vivo 

[370] 

(continued on next page) 

S. Moghassemi et al.                                                                                                                                                                                                                           



Bioactive Materials 36 (2024) 126–156

142

Table 5 (continued ) 

Disorder Exosome source Aim of using exosomes Regenerative medicine methodology In vivo/In 
vitro 

Ref. 

Human skeletal myoblasts, 
differentiating to myotube 

Muscle regeneration Enrich in growth factors such as IGFs, VEGF, HGF, NT-3, 
FGF2, and PDGF-AA; upregulation of FGF2, TNF, MYOD1, 
DAG1, DES, MYH1/2, and TNNT1 

In vitro 
and in vivo 

[371] 

Liver Hepatocyte-derived cells Promoting liver regeneration after acute 
liver failure 

The miR-183-5p uptake leads to the activation of FoxO1/ 
Akt/GSK3β/β-catenin signaling 

In vitro, in 
vivo 

[372] 

Hepatocytes Hepatocyte proliferation and regeneration 
after acute hepatic injury 

Exosomal transfer of SK2 to target hepatocytes In vitro, in 
vivo 

[373] 

Human UCMSCs Antioxidant and antiapoptotic effects, 
rescuing liver from failure 

Might be correlated with GPX1 In vivo [374] 

Human BMSCs Promote anti-fibrosis by stimulating 
hepatocyte regeneration 

Suppression of Wnt/β-catenin signaling components 
(PPARγ, Wnt3a, Wnt10b, β-catenin, WISP1, Cyclin D1) 

In vivo [375] 

ASCs Liver regeneration after hepatic ischemia- 
reperfusion in rats 

Activation of Wnt/β-catenin signaling In vivo [376] 

Human Placenta-derived 
MSCs 

Upregulate angiogenesis and liver 
regeneration 

Might be related with Wnt/β-catenin signaling triggered by 
C-reactive protein 

In vitro, in 
vivo 

[377] 

Promote cell proliferation and liver 
regeneration after hepatectomy 

Related with the exosomal circ-RBM23 mopping miR-139- 
5p, activating eIF4G expression and AKT/mTOR pathway 

In vitro, in 
vivo 

[378] 

Vessel Endothelial progenitor cells Reendothelialization elevating angiogenesis genes levels such as HIF-1a, VEGF 
family, eNOS, E-selectin, IL8, ANG1, CXCL family; down- 
regulation of MMP-9 and PDFGB 

In vitro, in 
vivo 

[379] 

Investigating the mechanism of 
vascularization by derived exosomes 

Delivering miR-21-5p and targeting angiogenesis inhibitor 
Thrombospondin-1 

In vitro, in 
vivo 

[380] 

Induced vascular progenitor 
cells 

angiogenesis Enhance endothelial tube formation, cell migration, and 
proliferation; enrich in miR-143-3p, miR-291b, miR-20b- 
5p, and IGF-binding protein 

In vitro, ex 
vivo, and 
in vivo 

[381] 

MSCs cultured on titanium Vascular regeneration Improve VEGFR2 level and cell migration; downregulation 
of miR-15b-5p, miR-16-5p, miR-155-5p, miR-24-3p, miR- 
32-5p, mir-125b-5p, miR-146a-5p, and miR-320a 

In vitro [382] 

MSCs Identifying the angiogenesis factors of 
exosomes 

Induce proangiogenic via PDGF, EGF, FGF, and NFkB 
pathways 

In vitro [383] 

ASCs Improving angiogenesis properties of EVs 
by PDGF 

Enrich in proangiogenic factors such as MMP, c-kit, and 
SCF; enhance endothelial tube formation 

In vitro, in 
vivo 

[384] 

Annulus fibrous cells Investigation of vascularization 
mechanism 

Enhance endothelial cells migration and increase IL-6, TNF- 
α, MMP-3, MMP-13 and VEGF expressions 

In vitro [385] 

hypoxia-resistant multiple 
myeloma cell line 

Improving angiogenesis Upregulation of miR-210 and miR-135b, which miR-135b 
targets inhibiting hypoxia-inducible factor-1 

In vitro, in 
vivo 

[386] 

Leukemia cells in hypoxia Endothelial tube formation Elevation of several miRNAs such as miR-18b and miR-210 In vitro [387] 
Lung cancer cells in hypoxia Reveal the exosomal communication of 

cancer cells and endothelial cells 
Elevation of miR-23a, suppression of t prolyl hydroxylase 1 
and 2, increase in hypoxia-inducible factor-1α (HIF-1α) 
level, and downregulation of tight junction protein ZO-1 

In vitro, in 
vivo 

[388] 

Overexpressed miR-21 ASCs The role of miR-21 on vascularization Increasing in HIF-1α, VEGF, SDF-1, p-Akt, p-ERK1/2 and 
decreasing in PTEN levels 

In vitro [389] 

Cartilage MSCs Enhance proliferation, attenuate 
apoptosis, and modulate immune 
reactivity 

Activation of AKT and ERK signaling, and higher 
infiltration of CD163+ M2 macrophages 

In vitro, in 
vivo 

[390] 

Synovial MSCs Enhance proliferation and migration in 
vitro and prevent osteoarthritis 

Exosomal transfer of miRNA-140-5p to target cells. Might 
also be related with Wnt signaling 

In vitro, in 
vivo 

[391] 

Human BMSCs Inhibit inflammatory mediators, 
promoting cartilage regeneration in vitro 

Abolishment of TNF-alpha-mediated upregulation of COX2 In vitro [392] 

Subcutaneous MSCs Ameliorate the pathological severity 
degree of cartilage 

Delivery of miR-199a-3p-mediates mTOR-autophagy 
pathway 

In vitro, in 
vivo 

[393] 

KGN-pre-treated BMSCs Chondral matrix formation and cartilage 
repair 

Could be related to targeting C-myc and further regulating 
the MAPK signaling pathway 

In vitro, in 
vivo 

[394] 

Ovary Amniotic fluid stem cells POI miR-369-3p inhibition of expression YAF2 and PDCD5/p53 
in OGCs 

In vitro, in 
vivo 

[395] 

POI Anti-apoptosis and proliferative effect in OGCs by PI3K/ 
AKT/mTOR pathway 

In vitro, in 
vivo 

[396] 

POI Anti-apoptosis on OGCs through regulation of miR-146a 
and miR-10a pathway 

In vitro, in 
vivo 

[397] 

BMSCs POI Anti-apoptosis effect on OGCs through miR-144-5p 
suppressing PTE gene expression and this in turn increases 
PI3K/AKT pathway 

In vitro, in 
vivo 

[398] 

POI Anti-apoptosis effect on OGCs through miR-664-5p 
inhibiting p53 luciferase activity 

In vitro, in 
vivo 

[399] 

Amniotic fluid POI Antifibrotic effect by increasing SMAD6, which in turn 
inhibits the TGF-β signaling pathway 

In vivo [400] 

Ovarian tissue POI Anti-apoptosis effect in OGC by regulating BCL9 expression 
by miR-122-5p inhibitor 

In vitro, in 
vivo 

[401] 

Menstrual blood-derived 
stromal cells 

POI and mechanism ovulation Follicular development through increased A-azoospermia 
Like, proliferation of OGCs through increased forkhead box 
L2 

In vitro, in 
vivo 

[402] 

(continued on next page) 
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study reinforces the consistent finding across various studies, affirming 
the correlation between miRNA-loaded exosomes and neuro
regeneration. Other studies have also shown that MSCs-derived exo
somes carrying miRNAs, such as miR133b, miR126, miR21, and 
miR19b, promote apoptosis attenuation and recovery after spinal cord 
injury [432–434]. 

Peripheral nerve injury is a major public health burden. However, 
studies have claimed that exosomes can improve peripheral nerve injury 
recovery [435–437]. In a pioneering study, Lopez -Verrilli et al. [438] 
compared exosomes from different MSC sources and demonstrated that 
exosomes from menstrual, bone marrow, and umbilical cord MSCs could 
enhance neurite growth and survival in both the central and peripheral 

nervous system. Using a similar mechanism as Mead and Tomarev 
[333], Zhao et al. [340] revealed that bone marrow MSC-derived exo
somes have significant neuroprotective and regenerative effects on the 
sciatic nerve, possibly through miRNAs related to vascular endothelial 
growth factor-A gen. 

Recently, Rau et al. [337] reported that exosomes secreted by 
adipose-derived stem cells (ADSCs)enhance regeneration in a mouse 
model of sciatic nerve crush injury. Farinazzo et al. [338] suggested that 
the same exosomes improve nerve regeneration by increasing remyeli
nation. ADSC-derived exosomes might promote nerve regeneration 
through two other mechanisms. Firstly, El Bassit et al. [339] demon
strated that ADSC-derived exosomes carry MALAT1, a protein that 

Table 5 (continued ) 

Disorder Exosome source Aim of using exosomes Regenerative medicine methodology In vivo/In 
vitro 

Ref. 

Human UCMSCs Inhibited apoptosis, increased OR, and 
recoopered the function of POI 

Anti-apoptosis and proliferation effect in OGC through miR- 
17-5p inhibiting SIRT7 and target gene (γH2AX, PARP1 and 
XRCC6) 

In vitro, in 
vivo 

[403] 

Human ASCs POI Ovarian function is regulated through the SMAD pathway, 
which in turn inhibits the expression of apoptosis genes 
(Fas, FasL, caspase-3, and caspase-8) 

In vitro, in 
vivo 

[404] 

Skeleton MSCs osteogenesis Improve the bone formation and expressions of 
angiogenesis genes such as VEGF, ANG 1, ANG2, COL1, and 
ALP 

In vitro, in 
vivo 

[405] 

Fabricating cell-free scaffold for bone 
regeneration 

Increasing the levels of osteogenic factors such as 
osteopontin, ALP, Hsa-miR-146a-5p, HsamiR-503-5p, Hsa- 
miR-483-3p, Hsa-miR-129-5p; decreasing the levels of anti- 
osteogenic miRNAs such as Hsa-miR-32-5p, Hsa-miR-133a- 
3p, and Hsa-miR-204-5p; activation of PI3K/Akt and MAPK 
signaling pathways 

In vitro [406] 

Improving bone healing Enrich in miR-4532, -125b-5p, − 4516, -338-3p, and 
− 548aa 

In vitro, in 
vivo 

[407] 

BMSCs Osteogenesis and bone tissue targeting Enhancing the osteogenic activity of BMSCs due to 
elevation of miR-26a, − 29a, − 218, − 34a, and − 3960; 
enhancing bone localization of exosomes due to 
conjugation with BMSC-specific aptamer 

In vitro, in 
vivo 

[408] 

Promoting angiogenesis and regulating of 
osteoclast-related activities during bone 
remodeling process 

miR-26a can influence bone formation through the Tob 
gene, which acts as a negative regulator of the BMP/SMAD 
pathway 

In vitro, in 
vivo 

[409] 

human UCMSCs Reduction of cell apoptosis Elevation of miR-186, miR-1304, miR144, miR-1263, and 
miR-302b levels; regulation of apoptosis by inhibition 
Hippo signaling pathway 

In vitro, in 
vivo 

[410] 

Fracture healing Elevation of β-catenin, Wnt3a, Col1, OPN, and RUNX2 In vivo [411] 
ASCs Osteogenesis effects of cell-free scaffold 

incorporated with exosomes 
Improve cell migration, RUNX2, ALP, COL1A1 expressions 
of MSCs cultured in the osteogenic medium; enhance new 
bone formation 

In vitro, in 
vivo 

[412] 

Noggin-suppressed MSCs Increasing bone healing efficacy Downregulation of noggin; upregulation of ALP, RUNX2, 
Osterix, and OCN; inhibition of miR-26 

In vitro, in 
vivo 

[413] 

miR-375-overexpressing 
ASCs 

Improving bone regeneration with miR- 
375 

Exosomes were enriched in miR-375; improved 
osteogenesis of BMSCs, increase ALP, COL1A1, and RUNX2 
levels as well as AZR quantification 

In vitro, in 
vivo 

[414] 

miR-21 transfected Human 
Wharton’s jelly of UCMSCs 

Decreasing osteocytes apoptosis Elevation of miR-21-PTEN-AKT signaling pathway In vitro, in 
vivo 

[415] 

HIF-α overexpressing BMSCs Improving bone healing with HIF-α Increasing the levels of HIF-α, ALP, and OCN In vitro, in 
vivo 

[416] 

MSCs derived from human 
induced pluripotent stem 
cells 

Improving osteogenesis and angiogenesis Improving osteogenic differentiation and vascularization; 
Increase in ALP, RUNX-2, and COL1A1 levels 

In vitro, in 
vivo 

[417] 

MSCs derived from human 
induced pluripotent stem 
cells 

Angiogenesis Increasing microvessels and cell necrosis inhibition; 
upregulation of PI3K/Akt signaling pathway 

In vitro, in 
vivo 

[418] 

TNF-α preconditioned ASCs Improving bone regeneration efficacy of 
exosomes 

Upregulation of Wnt3a, RUNX2, osteopontin, and bone 
sialoprotein 

In vitro [419] 

Endothelial progenitor cells Bone healing via angiogenesis Enrich in miR-126; downregulation of SPRED1; regulation 
of Raf/ERK signaling pathway 

In vitro, in 
vivo 

[420] 

Abbreviations: Adipose-derived stem cells, ASCs; Bone marrow mesenchymal stem cells, BMSCs; Mesenchymal stem cells, MSCs; Umbilical cord mesenchymal stem 
cells, UCMSCs; Traumatic brain injury, TBI; Chemokine CC motif ligand 1, CCL1; Duchenne muscular dystrophy, DMD; Hyaluronidase 2, HAS2; Interleukin 10, IL-10; 
Heat shock proteins, HSP; heat shock factor 1, HSF1; Matrix metalloproteinase-1, MMP1; Matrix metalloproteinase-2, MMP2; Matrix metalloproteinase-3, MMP3; 
insulin-like growth factors, IGFs; vascular endothelial growth factor, VEGF; hepatocyte growth factor, HGF; neurotrophin-3, NT-3; fibroblast growth factor-2, FGF2; 
Platelet-derived growth factor-AA, PDGF-AA; Reactive oxygen species, ROS; Transforming growth factor beta, TGF-β; Tumor necrosis factor-alpha, TNF-α; Interleukin- 
6, IL-6; Bone morphogenetic proteins, BMP; Ultraviolet radiation, UV; Ultraviolet B, UVB; vascular endothelial growth factor, VEGF; microARN, miARN; ovarian 
granulosa cells, OGCs; Premature ovarian insufficiency, POI; Platelet-Rich Plasma, PRP; mother against decapentaplegic-related proteins, SMADs; SMAD family 
member 6, SMAD6. 
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mediates the splicing of pkcδII, an anti-apoptotic protein, thereby 
increasing its expression and suppressing apoptosis. Secondly, Bucan 
et al. [439] observed sciatic nerve regeneration by stimulating the 
proliferation of Schwann cells. Recently, Liu et al. [335] suggested that 
the crosstalk between ADSCs and Schwann cells relies on both the 
modified expression of the apoptosis-related genes Bcl-2 and Bax [335] 
and the reduced autophagy of injured Schwann cells via downregulation 
of Kpna2 by miRNA-26b [336]. 

Lopez-Verrilli et al. [341] were the first to provide evidence that 
axonal regeneration in the peripheral nervous system is normally sup
ported by exosomes derived from Schwann cells. More recently, Huang 
et al. [342] revealed that exosomes secreted by endothelial cells and 
carrying miR199-5p were internalized by Schwann cells, leading to the 
activation of the PI3K/AKT/PTEN signaling pathway, which maintained 
repair-related phenotypes of Schwann cells, and promoted axonal 
regeneration. Moreover, Mao et al. [343] found that gingiva-derived 
MSC-secreted exosomes promoted these Schwann cell phenotypes via 
c-JUN gene expression. 

Finally, Anita et al. [344] demonstrated that exosomes derived from 
pericytes could promote angiogenesis and cavernous nerve regeneration 
in mice under diabetic conditions. The underlying mechanism may 
involve the intercellular transfer of Lipocalin 2 to target cells, which 
activates both MAP kinase and PI3/Akt and suppresses P53 signaling 
[344]. The comprehensive review of exosome-based therapy research 
underscores its efficacy in promoting neurorepair and neurogenesis. 
Notably, the intriguing prospect of augmenting these effects through the 
combination of exosomes with 3D scaffolds represents a promising 
avenue for further research and holds significant potential for advancing 
therapeutic approaches in the field of neurological regenerative medi
cine [440]. 

7.3. Cutaneous regeneration 

Extracellular vesicles, particularly exosomes, derived from stem cells 
[346,348,356,358,362,441–443], bacteria [353], tubers [352], and 
fruits [354], have been shown to have positive effects on skin regener
ation. Exosomes can interact with different cell types, molecules, and 
extracellular matrix components in the skin, which accelerate healing 
and reverse natural or UV-irradiated aging. 

There are various mechanisms through which healing is promoted, 
such as (i) human umbilical cord-derived miRNA-150-5p exosomes 
activating the PI3K/AKT pathway [356], (ii) human adipose 
tissue-derived exosome activating the Wnt/β-catenin pathway [345], 
and (iii) miRNA-19b exosome activating the TFG-β pathway [346]. 
Exosomes can also positively or negatively regulate collagen production 
depending on the timing of skin wounding (early or late phase) [362, 
442,443,347,355,357,359–361]. For example, during the initial phase 
of wound healing, mature collagen fibers were observed with the 
treatment of exosomes derived from mesenchymal stem cells, in contrast 
to the control group, which exhibited similar outcomes during the in
termediate phase of wound healing [442]. Similarly, a significant 
decrease in the percentage of collagen I mRNA was described in the late 
phase of wound healing in the group treated with exosomes derived 
from epidermal stem cells, due to the inhibition of TGF-β [359]. 
Furthermore, in the skin extracellular matrix, exosomes up-regulate 
matrix metalloproteinases genes (MMP1 and MMP2), preventing the 
degradation of interstitial collagen types I and III [362,353,357,347, 
351,360]. At the inflammatory level, they can reduce cytokine activity 
through the NF-κB pathway [354] and downregulate 
polysaccharide-induced inflammatory factor mRNA expression [348]. 
By utilizing the mechanisms mentioned above, exosomes can accelerate 
wound closure in a shorter time [441,442,443,345,355,361,359]. 

UV irradiation can cause various types of damage, but exosomes 
containing circ-Asch 1l and GPX4 have been found to reverse these ef
fects [358]. In addition, exosomes can also act on melanocytes and 
reverse hyperpigmentation caused by UV irradiation or natural aging 

[353,351]. Moreover, exosomes have a positive impact on keratinocytes 
and fibroblasts, leading to increased skin hydration [350] and a reduc
tion in the expression of collagenase, including MMP-1, and proin
flammatory cytokines [350,349]. The presented findings are 
encouraging regarding exosome therapy for skin regeneration and its 
potential short-term application in human patients. 

7.4. Muscle regeneration 

Exosomes derived from ADSCs have shown significant improvement 
in muscle-skeletal regeneration by enhancing myocyte proliferation and 
myogenic differentiation, leading to an increase in the expression of 
MYOG and MYOD [363], as well as inhibiting atrophy and promoting 
myofiber regeneration [364]. Similarly, exosomes derived from 
platelet-rich plasma were observed to enhance MYOG levels in muscle 
defect treatment but did not affect MYOD expression. On the other hand, 
exosomes derived from MSCs were found to accelerate muscle recovery 
by increasing centrally nucleated fiber. However, a decrease in the level 
of TGF-β, an important factor for muscle regeneration, was also observed 
[369]. Exosomes derived from MSCs have been reported to affect muscle 
regeneration through various mechanisms, including miR-21 as an 
anti-apoptosis factor, miR-1, miR-133, miR-206, and miR-494 as miR
NAs related to myogenesis and cell migration [370]. Interestingly, 
exosomes derived during the differentiation of human skeletal myo
blasts contained transforming growth factor beta as well as different 
growth factors, such as hepatocyte growth factor, and upregulated 
mRNAs, such as MYOD1, which are necessary for muscle regeneration 
[371]. 

Exosomes originating from non-stem cells have also shown thera
peutic effects on muscles. For instance, Zhou et al. [368] investigated 
exosomes derived from M2 macrophages and reported that these exo
somes are enriched with miR-501, which suppressed Yin Yang 1 gene 
expression related to myoblast differentiation, and upregulates MyHC 
and MyoG. Similarly, exosomes derived from C2C12 cells have been 
found to promote muscle regeneration by upregulating Pax7 and 
affecting the expressions of MYOD, peroxisome proliferator-activated 
receptor γ, α-SMA, collagen-1, proliferating cell nuclear antigen [366]. 
These exosomes upregulate miR-181a, 146a, miR-145, miR-1, miR-24, 
miR-206, miR-133a, miR-133b, miR-378, let-7d, and let-7e and down
regulating Sirtuin1 [367]. Additionally, the mechanical strain on C2C12 
myoblasts shows promise for musculoskeletal repair and tissue regen
eration, where the generated exosomes have enhanced efficacy for 
injury alleviation [365]. 

7.5. Vascular regeneration 

Exosomes derived from endothelial and vascular progenitor cells 
have been shown to improve vascularization by enriching in various 
miRNAs, including miRNA-21-5p, -143-3p, − 291b, and − 20b-5p, which 
enhance the expression of angiogenesis factors, such as eNOS, HIF-1α, 
VEGFA, VEGFR-2, ANG-1, E-selectin, CXCL16, PDGFA, IGF-binding 
protein-3, and pentaxtrin-3. These exosomes also downregulate MMP- 
9 and PDGFB, improve reendothelialization, and promote the prolifer
ation and migration of endothelial cells [379–381]. VEGFR2 levels were 
also shown to improve in cells cultured in a medium supplemented with 
exosomes derived from MSCs cultured in nanomodified titanium [382]. 
MSCs-derived exosomes are associated with different angiogenesis fac
tors, such as platelet-derived growth factor (PDGF), epidermal growth 
factor (EGF), and fibroblast growth factor (FGF), as well as proteins 
contributing to nuclear factor-kappaB (NFkB) signaling pathway [383]. 
Additionally, PDGF can be used as a medium supplement to improve the 
angiogenic properties of exosomes. Lopatina et al. [384] showed that 
EVs derived from conditioned media supplemented with PDGF con
tained MMPs, c-kit, and SCF, which are important for recruiting endo
thelial progenitor cells, their migration, growth factors expression, and 
tube formation. In endothelial cells exposed to exosomes derived from 
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annulus fibrosus cells, expressions of MMPs, along with IL-6, TNF-α, and 
VEGF were also increased [385]. 

Moreover, studies have indicated that cells cultured under hypoxic 
conditions express more exosomes that can enhance angiogenesis [386, 
444]. Hypoxia is one of the critical parameters in tumor development 
that promotes angiogenesis. Therefore, exosomes produced by tumor 
cells cultured under hypoxic conditions have been studied for their 
angiogenesis properties [445,388]. For instance, exosomes derived from 
glioma cells cultured in hypoxia have been found to possess greater 
angiogenic properties than cells cultured in normoxia. This is achieved 
via the activation of angiogenesis factors such as EGFR, VEGFR2, and 
PI3K/AKT pathways, which enhance tumor vascularization [446]. 
Upregulation of miR-210 has also been reported in the literature using 
exosomes derived from cell lines cultured in hypoxia for inducing 
vascularization [386,387]. Additionally, exosomes derived from tumor 
cells are associated with angiogenesis via the upregulation of miR-21 
[447]. To further study the reason for vascularization due to the upre
gulation of miR-21, exosomes derived from ADSCs that were transfected 
to overexpress miR-21 were evaluated. The results showed enhanced 
angiogenesis by increasing the levels of HIF-1α, VEGF, SDF-1, p-Akt, and 
p-ERK1/2 and decreasing PTEN levels [389]. 

7.6. Chondral regeneration 

Some studies have demonstrated the efficacy of different MSCs- 
derived exosomes in cartilage repair. Zhang et al. [448] showed for 
the first time that intra-articular administration of human embryonic 
MSC-derived exosomes promoted the regeneration of osteochondral 
defects in a rat model. This effect may be due to both proliferative and 
antiapoptotic responses, as well as immune reactivity modulation. These 
responses are related to the AKT and ERK pathways, and a higher 
infiltration of CD163+ regenerative M2 macrophages, with a concomi
tant reduction of pro-inflammatory cytokines, such as IL-1β and TNF-α 
[390]. Additionally, Vonk et al. [392] verified that exosomes secreted 
from human bone marrow mononuclear cells are taken up by chon
drocytes in osteoarthritic joints, inhibiting the TNF-alpha-induced in
flammatory response and promoting cartilage repair. Chen et al. [449] 
reported that exosomes secreted by chondrocytes had preferable carti
lage regeneration and stability compared with bone marrow 
MSC-generated exosomes in a rabbit model. Moreover, some studies 
have shown that modifications of MSCs can improve the therapeutic 
potential of their exosomes. Liu et al. [394] increased the cartilage 
regeneration effects of bone marrow MSC-derived exosomes by pre
treating these cells with kartogenin. Similarly, Shao et al. [450] found 
that infrapatellar fat pat MCS-derived exosomes, after pretreatment with 
kartogenin, had a potent ability to induce in vitro chondrogenic differ
entiation of stem cells and improve articular cartilage regeneration in a 
rabbit model. Likewise, Zhao et al. [393] reported that exosomes 
derived from subcutaneous fat MCS could also promote cartilage repair 
via miR-199a-3p delivery. Additionally, Tao et al. [391] compared 
MSC-generated exosomes with or without miR-140-5p overexpression 
and found that those with miR-140-5p overexpression enhanced carti
lage regeneration after osteoarthritis in a rat model. They suggested that 
in vitro enhanced proliferation and migration of chondrocytes was 
related to the Wnt signaling pathway. 

Furthermore, Zhu et al. [451] compared the efficiency of exosomes 
secreted by synovial membrane MSCs and by iPSC-MSC in the treatment 
of osteoarthritis. Although both types of MSCs secreting exosomes were 
efficient in attenuating osteoarthritis, iPSC-MSCs exhibited superior 
regenerative potential [451]. In summary, the research on MSC-derived 
exosomes for cartilage repair shows promise in addressing conditions 
like osteoarthritis. Yet, iPSC-MSC exosomes demonstrate superior 
regenerative capabilities in the treatment of osteoarthritis, contributing 
to the ongoing exploration of innovative cartilage-related disorder 
treatments. 

7.7. Hepatic regeneration 

According to Nojima et al. [373], exosomes secreted by healthy he
patocytes transfer exosomal sphingosine kinase (SK2) to target hepato
cytes, supporting their proliferation and regeneration after acute hepatic 
injury. A proof-of-concept study guided by Tan et al. [452] investigated 
the effect of MCS-derived exosomes in carbon tetrachloride (CCl4)-in
jured mice and observed in vivo liver regeneration and activation of 
proliferative responses after toxicants-induced injury. Likewise, the 
positive consequences of exosomes secreted from different types of 
MSCs have been portrayed in several studies. Yan et al. [374] revealed 
that systemic administration of exosomes from allogenic human um
bilical cord MSCs could rescue mice′s liver after CCl4-induced hepatic 
failure due to glutathione peroxidade 1 antioxidative property. Rong 
et al. [375] reported that human bone marrow MSCs-derived exosomes 
exhibit hepatoprotection and anti-fibrotic effects by stimulating hepa
tocyte regeneration and suppressing Wnt/β-catenin signaling in rat 
CCl4-induced liver fibrosis. Conversely, Piao et al. [376] suggested that 
activation of Wnt/β-catenin signaling using ADSCs-derived exosomes 
promoted liver regeneration in hepatic ischemia-reperfusion in rats. 
Furthermore, placenta MSC-derived exosomes have been widely used. 
Jun et al. [377] reported that C-reactive protein in placenta 
MSCs-derived exosomes triggers hepatic regeneration via the Wnt 
signaling pathway. Moreover, Li et al. [378] suggested that human 
placenta PMSCs exosomal circ-RBM23, by sponging miR-139-5p, stim
ulate cell proliferation and liver regeneration after hepatectomy through 
the AKT/mTOR pathway. More recently, Chen et al. [372] showed that 
exosomes derived from hepatocyte-derived liver progenitor-like cells 
(HepLPCs), could enhance hepatic regeneration after acute liver failure 
in vivo via the FoxO1/Akt/GSK3β/β-catenin axis. These findings un
derscore the versatility of exosome-based therapies in supporting he
patic recovery and suggest a promising path for future clinical 
applications in the treatment of liver injuries and diseases. Nevertheless, 
further investigations are warranted to unravel the intricacies of exo
somal mechanisms. 

7.8. Ovary regeneration 

Exosomes are being investigated as a therapeutic strategy for the 
treatment of premature ovarian insufficiency (POI). Exosomes derived 
from stem cells have shown anti-apoptotic effects, restoration of normal 
hormone production, and increased birth rate in animals with POI. 

Exosomes prevent apoptosis in granulosa cells through various 
mechanisms of action. For example, exosomes derived from amniotic 
fluid stem cells expressing miR-369-3p inhibit apoptosis through the 
YAF2/PDCD5/p53 pathway [395]. Exosomes derived from umbilical 
cord MSCs expressing (i) miR-126-3p exosome inhibit apoptosis through 
inhibition of the PI3KR2 gene and activation of the PI3K/AKT/mTOR 
pathway [396] or (ii) miR-17-5p exosome through inhibition of SIRT7 
and its target genes (γH2AX, PARP1, and XRCC6) [403]. Exosomes 
derived from bone marrow MSCs expressing (i) miR-144-5p exosome 
inhibit apoptosis through suppression of the PTE gene expression and 
upregulation of the PI3K/AKT pathway [398], or (ii) miR-664-5p 
through inhibition of p53 luciferase activity [399]. Furthermore, 
ovarian tissue produces miR-122-5p exosomes capable of inhibiting 
apoptosis through the BCL9 pathway [401]. Exosomes derived from 
menstrual blood-derived stromal cells significantly increase the pro
duction of collagen IV, FN1, and laminin at the level of the ovarian 
extracellular matrix [402]. 

In animal models of POI, exosome treatment has been shown to 
significantly increase E2 and AMH levels, and significantly decrease FSH 
levels compared to the untreated group [395,396,398,403,402,453]. 
Moreover, exosome treatment has led to an increase in the number of 
follicles [395,396,398,403,402,404,453,454], and corpus luteum [399] 
compared to the POI group. Finally, exosome treatment has demon
strated encouraging therapeutic effects on POI, including a significant 
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increase in the number of offspring [402,453,400,455]. However, it is 
worth noting that despite exosomes enabling offspring birth in POI pa
tients, this effect does not persist in the long term [456]. In summary, 
research on exosomes for the treatment of POI suggests that they can 
alleviate ovarian lesions, restore ovarian functions, and enable offspring 
birth. However, further studies are still needed to ensure the long-term 
effectiveness of the treatment and its implementation in human patients. 

7.9. Skeletal regeneration 

Exosomes derived from ADSCs and MSCs have been shown to stim
ulate new bone formation and upregulate the levels of runt-related 
transcription factor 2 (RUNX2), alkaline phosphatase (ALP), collagen 
type I alpha 1 (COL1A1), vascular endothelial growth factor (VEGF), 
angiopoietin 1 (ANG1), angiopoietin 2 (ANG2), osteocalcin (OCN), 
osteopontin (OPN), miR-146a-5p, -503-5p, -483-3p, and -129-5p. They 
also downregulate -32-5p, − 133a-3p, and -204-5p and activate the 
PI3K/Akt and MAPK signaling pathways [405,406,412,457–461]. Exo
somes derived from miR-375-overexpressing ADSCs also increase the 
levels of COL1A1, RUNX2, and ALP, indicating the positive effects of 
miR-375 on bone regeneration [414]. Moreover, Furuta et al. [407] 
found out that the bone regeneration capability of MSCs-derived exo
somes is related to carrying miRNAs, such as miR-4532, -125b-5p, 
− 4516, -338-3p, and − 548aa. However, these exosomes contain low 
levels of monocyte chemotactic protein and stromal cell-derived factor, 
which are important for bone healing. It should be noted that the 
therapeutic potential of MSCs is age-dependent. Xu et al. [462] recently 
showed that exosomes from aged rat MSCs have an attenuated effect on 
bone healing due to their enrichment in miR-128-3P, which suppresses 
SMAD5. 

Moreover, transfected MSCs have been employed to improve bone 
regeneration. For instance, exosomes derived from miR-21 transfected 
MSCs have been shown to inhibit osteocyte apoptosis by activating the 
miR-21-PTEN-AKT signaling pathway and subsequent inhibition of 
proteins such as BAD and caspase 3 [415]. Furthermore, exosomes 
derived from HIF-α transfected MSCs have been found to improve 
osteogenic differentiation and angiogenesis in defective bone tissue by 
increasing the levels of HIF-α, ALP, and OCN [416]. Exosomes derived 
from noggin-suppressed MSCs have also demonstrated improvement in 
bone healing as a result of miR-29 inhibition [413]. On the other hand, 
local targeting of bone tissue can be improved by conjugating bone 
marrow stromal cells-specific aptamers to exosomes from bone marrow 
MSCs, which improves osteogenesis of these cells and elevates the 
pro-osteogenic miRNAs of miR-26a, − 29a, − 218, − 34a, and − 3960 
[408]. 

MSCs derived from induced pluripotent stem cells have also been 
used for secreting exosomes to improve bone healing due to the upre
gulation of ALP, RUNX-2, COL1A1, and decrease in cell necrosis by 
vascularization and activation of PI3K/Akt signaling pathways [417, 
418,463]. Exosomes from human umbilical cord MSCs have been shown 
to reduce cell apoptosis due to carrying miR-1263, which inhibits Mob1 
[410], and these exosomes have also been found to improve bone 
healing as a result of upregulation of β-catenin, Wnt3a, Col1, OPN, 
RUNX2, VEGF, and HIF-1α [411,464]. Additionally, Wnt3a level 
elevation was observed in exosomes derived from ADSCs preconditioned 
with TNF-α [419]. Furthermore, bone healing due to vascularization has 
been reported as a result of using exosomes derived from endothelial 
progenitor cells [420], from MSCs conditioned by dimethylox
aloylglycine [465], and from exosomes loaded with VEGF plasmid gene 
using the electroporation method [466]. Further investigations are 
required to elucidate the precise role and mechanism of exosomes 
derived from different cell sources in the process of bone regeneration. 

8. Limitations and challenges 

Despite its numerous advantages, including efficient transport of 

biological cargo across cells, low immunogenicity, high stability, and 
rapid recognition as a potential medication delivery mechanism, the use 
of exosomes may be limited by several disadvantages. The first chal
lenging issue is the limitations of the current exosome isolation and 
detection methods, which hamper the widespread application of exo
somes [218]. The conventional technique, ultracentrifugation, is labor- 
and time-intensive and may lead to nonspecific purification, thereby 
reducing biological activity [6]. Although commercially available re
agents can simplify exosome extraction, their high cost limits their 
widespread clinical use, and they are mostly restricted to preclinical 
evaluations [218]. Therefore, researchers are exploring simpler and 
more cost-effective technologies for exosome isolation that have mini
mal detrimental effects on exosome integrity. Qi et al. [155] studied 
doxorubicin delivery through plasma exosomes isolated and modified 
with magnetic nanoparticles fused to transferrin. This strategy has 
several advantages, including magnetic field targeting and relatively 
simple exosome isolation without the use of expensive equipment. 

The primary criterion for distinguishing among EVs is their intra
cellular origin. However, recent evidence indicates that multiple sub
populations may exist within these EV populations. This heterogeneity 
may have distinct roles in the intricate biological processes and in
troduces a layer of complexity to the study of EV biology and function 
[467]. Current limitations of isolation and characterization techniques 
remain a hindrance to effectively addressing the EV subpopulation issue. 
Nevertheless, the scientific community is actively seeking to develop 
new and improved techniques to address this issue and gain a better 
understanding of EV biology and function. In the last decade, developing 
novel exosome isolation and detection methods has been one the most 
challenging areas in exosome research. Currently, several cutting-edge 
nano-based methods are being developed, including (i) 
nano-deterministic lateral displacement (Nano-DLD), (ii) resistive pulse 
sensing (RPS), and (iii) surface plasmon resonance (SPR)-based nano
sensors. Nano-DLD is a promising passive microfluidic technique and 
can isolate very small exosomes (20–100 nm) that earlier technologies 
cannot achieve [468]. However, it faces challenges in simulating 3D 
devices and optimizing practical design guidelines. Commercially, the 
technology demands cost-effective fabrication methods and improve
ments for mass production to reach full maturity [469]. As another novel 
nano-based method, RPS characterizes single particle properties 
including quantity, shape, charge, and size of particles in suspension 
[470]. This device involves in-plane nanochannels and nanopores, 
allowing for seamless integration of multiple elements within a single 
device without post-fabrication alignment [471]. On the other hand, 
SPR-based nanosensors exhibit substantial signal changes upon 
target-specific exosome binding on the array. The system is scalable, 
accommodating multiple sensing units on a single chip, and the assay is 
label-free, eliminating the necessity for secondary labeling with nano
particles [472]. These devices are extremely useful for clinical diagnosis 
by providing the potential for exosome identification using multiple 
biomarkers [473]. 

While exosomes have many advantages as delivery mechanisms, 
their application can be hindered by a lack of cell-targeting specificity 
and quick removal from circulation [474]. Exosomes can inherit unique 
cell adhesion molecules, lipids, and ligands from their parent cells, 
which can be altered through suitable transfection to produce specific 
peptides and proteins that appear on the surface of the exosomes, 
thereby addressing the issue of specificity [475]. The application of 
targeted ligands is another method to alter exosome specificity. An 
example of how exosome specificity can be improved is by coating them 
with an octapeptide that binds to integrin α3β1, which is overexpressed 
in NSCLC. This targeting ligand has been shown to significantly reduce 
systemic toxicity in vitro and in vivo, while greatly increasing tumor 
accumulation and retention [476]. The conjugation of exosomes with 
polyethylene glycol (PEG) can extend their circulation time, and this 
effect is largely dependent on the PEG chain length and brush density, 
which can affect the degree of obfuscation [477]. In a study by 
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Kooijmans et al. [474], intravenously-administrated uncoated exosomes 
were rapidly removed from the circulation within 10 min, while 
PEGylated exosomes were detectable in plasma for more than 60 min 
after injection, demonstrating the effectiveness of PEGylation in 
increasing exosome circulation time. Another approach to enhance 
exosome effectiveness is through structural modification. 
Exosome-liposome hybrid systems are a novel strategy that can create a 
new lipid profile for the exosome membrane, leading to decreased 
immunogenicity, increased colloidal stability, improved cellular uptake, 
and a longer half-life in blood [475,478]. 

The specific components of exosomes that promote tissue regenera
tion are not yet fully understood. However, if we can identify and un
derstand these pro-regeneration effects, it could be therapeutically 
beneficial for patients who have limited or insufficient regeneration 
signals [32]. Evaluation of some critical characteristics of 
pre-isolation-loaded exosomes, such as the exosome/drug proportion 
and loading efficiency, can be challenging, and many studies do not 
report these parameters [145]. Future research should focus on opti
mizing and discussing this ratio as it may significantly affect the incor
poration of loaded molecules into the exosomal structure. Despite the 
increasing interest in exosomes, little is known about their precise mo
lecular mechanisms and roles in cancer development, progression, in
vasion, metastasis, diagnosis, and treatment [226]. Moreover, the 
mechanisms of exosomal uptake by cells and entry into biological 
membranes are still unclear [212]. Therefore, understanding the 
signaling routes and regulation mechanisms of cancer-related exosomes 
is crucial for developing future diagnostic and therapeutic approaches. 
Additionally, while exosomes have shown great potential as a cell-free 
therapy, their biological activities cannot be stored for a long time. 
Currently, freezing, freeze-drying, and spray-drying are among the most 
used techniques for protecting exosomes. However, it is far from ideal 
and necessary to develop exosome preservation technologies to protect 
their properties and facilitate their transportation and clinical applica
tion [479,480]. 

9. Concluding remarks 

Exosomes are a specific and effective means of intercellular 
communication networks that can regulate a wide range of biological 
activities and are even more effective at crossing biological barriers than 
synthetic nanovesicles. Over the past few decades, exosomes have 
demonstrated promising potential for pharmaceuticals, biomarker 
investigation for disease prognosis and diagnosis, and tissue regenera
tion applications and have opened new opportunities for cell-free ther
apy and vaccine development in cancer immunotherapy by delivering 
antigens. Despite these advances, exosomes still face several challenges 
to become a clinically viable and successful strategy in nanomedicine 
and regenerative medicine. While numerous preparation techniques 
have been recently developed and improved for laboratory applications, 
large-scale production for clinical use remains limited by current isola
tion techniques and the need for purification procedures to remove 
unwanted byproducts and unloaded cargo. Most studies indicate that 
human exosomes, adhering to Good Manufacturing Practice (GMP) 
standards, can meet the requirements for use in clinical trials. An 
interdisciplinary collaboration among researchers, including clinicians, 
cell biologists, technology experts, and computer scientists, has the 
potential to bring significant advancements in the field. Although in vivo 
investigations have increased, exosomes′ molecular mechanisms, 
essential properties, pharmaceutical aspects, and signaling pathways 
remain incompletely understood and require further study. We believe 
that the effectiveness of exosomes in disease management primarily 
hinges on technological advancements that enhance their discovery, 
sensitivity, and specificity in identifying distinct disease developments. 
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[382] C. Gardin, L. Ferroni, Y.K. Erdoğan, F. Zanotti, F. De Francesco, M. Trentini, 
G. Brunello, B. Ercan, B. Zavan, Nanostructured modifications of titanium 
surfaces improve vascular regenerative properties of exosomes derived from 
mesenchymal stem cells: preliminary in vitro results, Nanomaterials 11 (12) 
(2021) 3452. 

S. Moghassemi et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S2452-199X(24)00066-5/sref356
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref356
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref356
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref357
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref357
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref357
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref352
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref352
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref352
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref352
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref353
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref353
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref353
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref353
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref354
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref354
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref354
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref354
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref351
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref351
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref351
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref351
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref351
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref358
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref358
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref358
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref359
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref359
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref359
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref359
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref360
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref360
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref360
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref360
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref361
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref361
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref361
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref374
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref374
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref374
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref367
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref367
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref367
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref367
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref379
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref379
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref379
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref379
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref363
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref363
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref363
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref363
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref363
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref383
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref383
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref383
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref383
https://doi.org/10.1111/jocd.16112
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref381
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref381
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref381
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref372
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref372
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref372
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref371
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref371
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref371
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref373
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref373
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref373
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref373
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref375
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref375
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref375
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref375
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref364
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref364
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref364
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref376
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref376
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref376
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref376
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref365
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref365
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref365
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref365
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref378
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref378
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref378
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref380
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref380
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref380
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref377
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref377
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref377
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref368
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref368
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref368
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref384
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref384
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref384
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref385
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref385
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref385
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref392
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref392
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref392
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref392
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref390
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref390
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref390
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref391
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref391
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref391
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref391
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref389
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref389
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref389
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref386
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref386
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref386
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref386
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref387
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref387
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref387
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref388
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref388
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref388
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref388
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref424
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref424
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref424
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref424
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref417
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref417
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref417
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref419
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref419
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref419
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref420
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref420
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref420
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref421
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref421
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref421
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref422
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref422
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref422
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref423
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref423
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref423
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref423
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref393
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref393
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref393
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref393
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref394
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref394
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref394
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref394
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref395
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref395
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref395
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref395
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref396
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref396
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref396
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref396
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref396


Bioactive Materials 36 (2024) 126–156

155

[383] J.D. Anderson, H.J. Johansson, C.S. Graham, M. Vesterlund, M.T. Pham, C. 
S. Bramlett, E.N. Montgomery, M.S. Mellema, R.L. Bardini, Z. Contreras, 
Comprehensive proteomic analysis of mesenchymal stem cell exosomes reveals 
modulation of angiogenesis via nuclear factor-kappaB signaling, Stem Cell. 34 (3) 
(2016) 601–613. 

[384] T. Lopatina, S. Bruno, C. Tetta, N. Kalinina, M. Porta, G. Camussi, Platelet-derived 
growth factor regulates the secretion of extracellular vesicles by adipose 
mesenchymal stem cells and enhances their angiogenic potential, Cell Commun. 
Signal. 12 (1) (2014) 1–12. 

[385] Z. Sun, H. Zhao, B. Liu, Y. Gao, W.-H. Tang, Z.-H. Liu, Z.-J. Luo, AF cell derived 
exosomes regulate endothelial cell migration and inflammation: implications for 
vascularization in intervertebral disc degeneration, Life Sci. 265 (2021) 118778. 

[386] T. Umezu, H. Tadokoro, K. Azuma, S. Yoshizawa, K. Ohyashiki, J.H. Ohyashiki, 
Exosomal miR-135b shed from hypoxic multiple myeloma cells enhances 
angiogenesis by targeting factor-inhibiting HIF-1, Blood, The Journal of the 
American Society of Hematology 124 (25) (2014) 3748–3757. 

[387] H. Tadokoro, T. Umezu, K. Ohyashiki, T. Hirano, J.H. Ohyashiki, Exosomes 
derived from hypoxic leukemia cells enhance tube formation in endothelial cells, 
J. Biol. Chem. 288 (48) (2013) 34343–34351. 

[388] Y. Hsu, J. Hung, W. Chang, Y. Lin, Y. Pan, P. Tsai, C. Wu, P. Kuo, Hypoxic lung 
cancer-secreted exosomal miR-23a increased angiogenesis and vascular 
permeability by targeting prolyl hydroxylase and tight junction protein ZO-1, 
Oncogene 36 (34) (2017) 4929–4942. 

[389] Y. An, J. Zhao, F. Nie, Z. Qin, H. Xue, G. Wang, D. Li, Exosomes from adipose- 
derived stem cells (ADSCs) overexpressing miR-21 promote vascularization of 
endothelial cells, Sci. Rep. 9 (1) (2019) 12861. 

[390] S. Zhang, S.J. Chuah, R.C. Lai, J.H.P. Hui, S.K. Lim, W.S. Toh, MSC exosomes 
mediate cartilage repair by enhancing proliferation, attenuating apoptosis and 
modulating immune reactivity, Biomaterials 156 (2018) 16–27. 

[391] S.C. Tao, T. Yuan, Y.L. Zhang, W.J. Yin, S.C. Guo, C.Q. Zhang, Exosomes derived 
from miR-140-5p-overexpressing human synovial mesenchymal stem cells 
enhance cartilage tissue regeneration and prevent osteoarthritis of the knee in a 
rat model, Theranostics 7 (1) (2017) 180–195. 

[392] L.A. Vonk, S.F.J. van Dooremalen, N. Liv, J. Klumperman, P.J. Coffer, D.B.F. Saris, 
M.J. Lorenowicz, Mesenchymal stromal/stem cell-derived extracellular vesicles 
promote human cartilage regeneration in vitro, Theranostics 8 (4) (2018) 
906–920. 

[393] S. Zhao, G. Xiu, J. Wang, Y. Wen, J. Lu, B. Wu, G. Wang, D. Yang, B. Ling, D. Du, 
Engineering exosomes derived from subcutaneous fat MSCs specially promote 
cartilage repair as miR-199a-3p delivery vehicles in Osteoarthritis, 
J. Nanobiotechnol. 21 (1) (2023) 1–26. 

[394] C. Liu, Y. Li, Z. Yang, Z. Zhou, Z. Lou, Q. Zhang, Kartogenin enhances the 
therapeutic effect of bone marrow mesenchymal stem cells derived exosomes in 
cartilage repair, Nanomedicine (Lond) 15 (3) (2020) 273–288. 

[395] Z. Geng, H. Chen, G. Zou, L. Yuan, P. Liu, B. Li, K. Zhang, F. Jing, X. Nie, T. Liu, 
B. Zhang, Human amniotic fluid mesenchymal stem cell-derived exosomes inhibit 
apoptosis in ovarian granulosa cell via miR-369-3p/YAF2/PDCD5/p53 pathway, 
Oxid. Med. Cell. Longev. 2022 (2022) 3695848. 

[396] Q. Qu, L. Liu, Y. Cui, H. Liu, J. Yi, W. Bing, C. Liu, D. Jiang, Y. Bi, miR-126-3p 
containing exosomes derived from human umbilical cord mesenchymal stem cells 
promote angiogenesis and attenuate ovarian granulosa cell apoptosis in a 
preclinical rat model of premature ovarian failure, Stem Cell Res. Ther. 13 (1) 
(2022) 352. 

[397] G.Y. Xiao, C.C. Cheng, Y.S. Chiang, W.T. Cheng, I.H. Liu, S.C. Wu, Exosomal miR- 
10a derived from amniotic fluid stem cells preserves ovarian follicles after 
chemotherapy, Sci. Rep. 6 (2016) 23120. 

[398] M. Yang, L. Lin, C. Sha, T. Li, D. Zhao, H. Wei, Q. Chen, Y. Liu, X. Chen, W. Xu, 
Y. Li, X. Zhu, Bone marrow mesenchymal stem cell-derived exosomal miR-144-5p 
improves rat ovarian function after chemotherapy-induced ovarian failure by 
targeting PTEN, Lab. Invest. 100 (3) (2020) 342–352. 

[399] B. Sun, Y. Ma, F. Wang, L. Hu, Y. Sun, miR-644-5p carried by bone mesenchymal 
stem cell-derived exosomes targets regulation of p53 to inhibit ovarian granulosa 
cell apoptosis, Stem Cell Res. Ther. 10 (1) (2019) 360. 

[400] N. Nazdikbin Yamchi, S. Ahmadian, H. Mobarak, F. Amjadi, R. Beheshti, 
A. Tamadon, R. Rahbarghazi, M. Mahdipour, Amniotic fluid-derived exosomes 
attenuated fibrotic changes in POI rats through modulation of the TGF-β/Smads 
signaling pathway, J. Ovarian Res. 16 (1) (2023) 118. 

[401] X. Zhang, R. Zhang, J. Hao, X. Huang, M. Liu, M. Lv, C. Su, Y.L. Mu, miRNA-122- 
5p in POI ovarian-derived exosomes promotes granulosa cell apoptosis by 
regulating BCL9, Cancer Med. 11 (12) (2022) 2414–2426. 

[402] S. Zhang, B. Huang, P. Su, Q. Chang, P. Li, A. Song, X. Zhao, Z. Yuan, J. Tan, 
Concentrated exosomes from menstrual blood-derived stromal cells improves 
ovarian activity in a rat model of premature ovarian insufficiency, Stem Cell Res. 
Ther. 12 (1) (2021) 178. 

[403] C. Ding, L. Zhu, H. Shen, J. Lu, Q. Zou, C. Huang, H. Li, B. Huang, Exosomal 
miRNA-17-5p derived from human umbilical cord mesenchymal stem cells 
improves ovarian function in premature ovarian insufficiency by regulating 
SIRT7, Stem Cell. 38 (9) (2020) 1137–1148. 

[404] B. Huang, J. Lu, C. Ding, Q. Zou, W. Wang, H. Li, Exosomes derived from human 
adipose mesenchymal stem cells improve ovary function of premature ovarian 
insufficiency by targeting SMAD, Stem Cell Res. Ther. 9 (1) (2018) 216. 

[405] R. Takeuchi, W. Katagiri, S. Endo, T. Kobayashi, Exosomes from conditioned 
media of bone marrow-derived mesenchymal stem cells promote bone 
regeneration by enhancing angiogenesis, PLoS One 14 (11) (2019) e0225472. 

[406] M. Zhai, Y. Zhu, M. Yang, C. Mao, Human mesenchymal stem cell derived 
exosomes enhance cell-free bone regeneration by altering their miRNAs profiles, 
Adv. Sci. 7 (19) (2020) 2001334. 

[407] T. Furuta, S. Miyaki, H. Ishitobi, T. Ogura, Y. Kato, N. Kamei, K. Miyado, 
Y. Higashi, M. Ochi, Mesenchymal stem cell-derived exosomes promote fracture 
healing in a mouse model, Stem cells translational medicine 5 (12) (2016) 
1620–1630. 

[408] Z.-W. Luo, Y.-W. Liu, S.-S. Rao, H. Yin, J. Huang, C.-Y. Chen, Y. Hu, Y. Zhang, Y.- 
J. Tan, L.-Q. Yuan, Aptamer-functionalized exosomes from bone marrow stromal 
cells target bone to promote bone regeneration, Nanoscale 11 (43) (2019) 
20884–20892. 

[409] H. Kuang, J. Ma, X. Chi, Q. Fu, Q. Zhu, W. Cao, P. Zhang, X. Xie, Integrated 
osteoinductive Factors─ exosome@ MicroRNA-26a hydrogel enhances bone 
regeneration, ACS Appl. Mater. Interfaces 15 (19) (2023) 22805–22816. 

[410] B.-c. Yang, M.-j. Kuang, J.-y. Kang, J. Zhao, J.-x. Ma, X.-l. Ma, Human umbilical 
cord mesenchymal stem cell-derived exosomes act via the miR-1263/Mob1/ 
Hippo signaling pathway to prevent apoptosis in disuse osteoporosis, Biochem. 
Biophys. Res. Commun. 524 (4) (2020) 883–889. 

[411] J. Zhou, H. Liu, S. Li, Y. Gong, M. Zhou, J. Zhang, G. Zhu, Effects of human 
umbilical cord mesenchymal stem cells-derived exosomes on fracture healing in 
rats through the Wnt signaling pathway, Eur. Rev. Med. Pharmacol. Sci. 23 (11) 
(2019) 4954–4960. 

[412] W. Li, Y. Liu, P. Zhang, Y. Tang, M. Zhou, W. Jiang, X. Zhang, G. Wu, Y. Zhou, 
Tissue-engineered bone immobilized with human adipose stem cells-derived 
exosomes promotes bone regeneration, ACS Appl. Mater. Interfaces 10 (6) (2018) 
5240–5254. 

[413] J. Fan, C.-S. Lee, S. Kim, C. Chen, T. Aghaloo, M. Lee, Generation of small RNA- 
modulated exosome mimetics for bone regeneration, ACS Nano 14 (9) (2020) 
11973–11984. 

[414] S. Chen, Y. Tang, Y. Liu, P. Zhang, L. Lv, X. Zhang, L. Jia, Y. Zhou, Exosomes 
derived from miR-375-overexpressing human adipose mesenchymal stem cells 
promote bone regeneration, Cell Prolif. 52 (5) (2019) e12669. 

[415] M.-j. Kuang, Y. Huang, X.-G. Zhao, R. Zhang, J.-x. Ma, D.-c. Wang, X.-l. Ma, 
Exosomes derived from Wharton’s jelly of human umbilical cord mesenchymal 
stem cells reduce osteocyte apoptosis in glucocorticoid-induced osteonecrosis of 
the femoral head in rats via the miR-21-PTEN-AKT signalling pathway, Int. J. 
Biol. Sci. 15 (9) (2019) 1861. 

[416] H. Li, D. Liu, C. Li, S. Zhou, D. Tian, D. Xiao, H. Zhang, F. Gao, J. Huang, 
Exosomes secreted from mutant-HIF-1α-modified bone-marrow-derived 
mesenchymal stem cells attenuate early steroid-induced avascular necrosis of 
femoral head in rabbit, Cell Biol. Int. 41 (12) (2017) 1379–1390. 

[417] X. Qi, J. Zhang, H. Yuan, Z. Xu, Q. Li, X. Niu, B. Hu, Y. Wang, X. Li, Exosomes 
secreted by human-induced pluripotent stem cell-derived mesenchymal stem cells 
repair critical-sized bone defects through enhanced angiogenesis and osteogenesis 
in osteoporotic rats, Int. J. Biol. Sci. 12 (7) (2016) 836. 

[418] X. Liu, Q. Li, X. Niu, B. Hu, S. Chen, W. Song, J. Ding, C. Zhang, Y. Wang, 
Exosomes secreted from human-induced pluripotent stem cell-derived 
mesenchymal stem cells prevent osteonecrosis of the femoral head by promoting 
angiogenesis, Int. J. Biol. Sci. 13 (2) (2017) 232. 

[419] Z. Lu, Y. Chen, C. Dunstan, S. Roohani-Esfahani, H. Zreiqat, Priming adipose stem 
cells with tumor necrosis factor-alpha preconditioning potentiates their exosome 
efficacy for bone regeneration, Tissue Eng. 23 (21–22) (2017) 1212–1220. 

[420] Y. Jia, Y. Zhu, S. Qiu, J. Xu, Y. Chai, Exosomes secreted by endothelial progenitor 
cells accelerate bone regeneration during distraction osteogenesis by stimulating 
angiogenesis, Stem Cell Res. Ther. 10 (2019) 1–13. 

[421] E. Lazar, T. Benedek, S. Korodi, N. Rat, J. Lo, I. Benedek, Stem cell-derived 
exosomes-an emerging tool for myocardial regeneration, World J. Stem Cell. 10 
(8) (2018) 106. 

[422] J.A. Maring, C.M. Beez, V. Falk, M. Seifert, C. Stamm, Myocardial regeneration 
via progenitor cell-derived exosomes, Stem Cell. Int. 2017 (2017). 

[423] L. Timmers, S.K. Lim, F. Arslan, J.S. Armstrong, I.E. Hoefer, P.A. Doevendans, J. 
J. Piek, R.M. El Oakley, A. Choo, C.N. Lee, Reduction of myocardial infarct size by 
human mesenchymal stem cell conditioned medium, Stem Cell Res. 1 (2) (2008) 
129–137. 

[424] R.C. Lai, F. Arslan, M.M. Lee, N.S.K. Sze, A. Choo, T.S. Chen, M. Salto-Tellez, 
L. Timmers, C.N. Lee, R.M. El Oakley, Exosome secreted by MSC reduces 
myocardial ischemia/reperfusion injury, Stem Cell Res. 4 (3) (2010) 214–222. 

[425] X. Wang, W. Huang, G. Liu, W. Cai, R.W. Millard, Y. Wang, J. Chang, T. Peng, G.- 
C. Fan, Cardiomyocytes mediate anti-angiogenesis in type 2 diabetic rats through 
the exosomal transfer of miR-320 into endothelial cells, J. Mol. Cell. Cardiol. 74 
(2014) 139–150. 

[426] B. Yu, M. Gong, Z. He, Y.-G. Wang, R.W. Millard, M. Ashraf, M. Xu, Enhanced 
mesenchymal stem cell survival induced by GATA-4 overexpression is partially 
mediated by regulation of the miR-15 family, Int. J. Biochem. Cell Biol. 45 (12) 
(2013) 2724–2735. 

[427] J.L. Martin, R. Mestril, R. Hilal-Dandan, L.L. Brunton, W.H. Dillmann, Small heat 
shock proteins and protection against ischemic injury in cardiac myocytes, 
Circulation 96 (12) (1997) 4343–4348. 

[428] W.D. Gray, K.M. French, S. Ghosh-Choudhary, J.T. Maxwell, M.E. Brown, M. 
O. Platt, C.D. Searles, M.E. Davis, Identification of therapeutic covariant 
microRNA clusters in hypoxia-treated cardiac progenitor cell exosomes using 
systems biology, Circ. Res. 116 (2) (2015) 255–263. 

[429] J.K. Lang, R.F. Young, H. Ashraf, J.M. Canty Jr., Inhibiting extracellular vesicle 
release from human cardiosphere derived cells with lentiviral knockdown of 
nSMase2 differentially effects proliferation and apoptosis in cardiomyocytes, 
fibroblasts and endothelial cells in vitro, PLoS One 11 (11) (2016) e0165926. 

S. Moghassemi et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S2452-199X(24)00066-5/sref397
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref397
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref397
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref397
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref397
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref398
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref398
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref398
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref398
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref399
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref399
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref399
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref400
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref400
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref400
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref400
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref405
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref405
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref405
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref403
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref403
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref403
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref403
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref407
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref407
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref407
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref409
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref409
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref409
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref415
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref415
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref415
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref415
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref410
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref410
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref410
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref410
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref414
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref414
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref414
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref414
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref412
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref412
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref412
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref425
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref425
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref425
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref425
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref426
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref426
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref426
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref426
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref426
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref466
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref466
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref466
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref428
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref428
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref428
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref428
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref429
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref429
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref429
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref435
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref435
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref435
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref435
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref430
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref430
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref430
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref431
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref431
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref431
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref431
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref427
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref427
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref427
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref427
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref434
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref434
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref434
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref439
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref439
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref439
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref440
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref440
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref440
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref447
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref447
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref447
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref447
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref452
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref452
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref452
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref452
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref467
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref467
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref467
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref456
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref456
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref456
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref456
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref457
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref457
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref457
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref457
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref438
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref438
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref438
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref438
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref451
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref451
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref451
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref446
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref446
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref446
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref449
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref449
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref449
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref449
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref449
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref450
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref450
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref450
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref450
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref453
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref453
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref453
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref453
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref454
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref454
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref454
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref454
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref459
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref459
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref459
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref460
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref460
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref460
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref314
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref314
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref314
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref315
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref315
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref316
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref316
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref316
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref316
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref317
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref317
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref317
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref321
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref321
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref321
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref321
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref323
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref323
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref323
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref323
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref326
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref326
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref326
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref328
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref328
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref328
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref328
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref333
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref333
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref333
http://refhub.elsevier.com/S2452-199X(24)00066-5/sref333


Bioactive Materials 36 (2024) 126–156

156

[430] M.N. Vaughn, C.N. Winston, N. Levin, R.A. Rissman, V.B. Risbrough, Developing 
biomarkers of mild traumatic brain injury: promise and progress of CNS-derived 
exosomes, Front. Neurol. 12 (2021) 698206. 

[431] Q. Ji, Y. Ji, J. Peng, X. Zhou, X. Chen, H. Zhao, T. Xu, L. Chen, Y. Xu, Increased 
brain-specific MiR-9 and MiR-124 in the serum exosomes of acute ischemic stroke 
patients, PLoS One 11 (9) (2016) e0163645. 

[432] D. Li, P. Zhang, X. Yao, H. Li, H. Shen, X. Li, J. Wu, X. Lu, Exosomes derived from 
miR-133b-modified mesenchymal stem cells promote recovery after spinal cord 
injury, Front. Neurosci. 12 (2018). 

[433] J.H. Huang, Y. Xu, X.M. Yin, F.Y. Lin, Exosomes derived from miR-126-modified 
MSCs promote angiogenesis and neurogenesis and attenuate apoptosis after spinal 
cord injury in rats, Neuroscience 424 (2020) 133–145. 

[434] G. Xu, R. Ao, Z. Zhi, J. Jia, B. Yu, miR-21 and miR-19b delivered by hMSC-derived 
EVs regulate the apoptosis and differentiation of neurons in patients with spinal 
cord injury, J. Cell. Physiol. 234 (7) (2019) 10205–10217. 

[435] D. Hercher, M.Q. Nguyen, H. Dworak, Extracellular vesicles and their role in 
peripheral nerve regeneration, Exp. Neurol. 350 (2022) 113968. 

[436] L.R. Galieva, V. James, Y.O. Mukhamedshina, A.A. Rizvanov, Therapeutic 
potential of extracellular vesicles for the treatment of nerve disorders, Front. 
Neurosci. 13 (2019) 163. 

[437] L. Qing, H. Chen, J. Tang, X. Jia, Exosomes and their MicroRNA cargo: new 
players in peripheral nerve regeneration, Neurorehabilitation Neural Repair 32 
(9) (2018) 765–776. 

[438] M.A. Lopez-Verrilli, A. Caviedes, A. Cabrera, S. Sandoval, U. Wyneken, 
M. Khoury, Mesenchymal stem cell-derived exosomes from different sources 
selectively promote neuritic outgrowth, Neuroscience 320 (2016) 129–139. 

[439] V. Bucan, D. Vaslaitis, C.T. Peck, S. Strauß, P.M. Vogt, C. Radtke, Effect of 
exosomes from rat adipose-derived mesenchymal stem cells on neurite outgrowth 
and sciatic nerve regeneration after crush injury, Mol. Neurobiol. 56 (3) (2019) 
1812–1824. 

[440] M. Hajinejad, M.H. Ebrahimzadeh, A. Ebrahimzadeh-bideskan, A. Rajabian, 
A. Gorji, S. Sahab Negah, Exosomes and nano-SDF scaffold as a cell-free-based 
treatment strategy improve traumatic brain injury mechanisms by decreasing 
oxidative stress, neuroinflammation, and increasing neurogenesis, Stem Cell 
Reviews and Reports (2023) 1–18. 

[441] M.H. Kim, C. Chung, M.H. Oh, J.H. Jun, Y. Ko, J.H. Lee, Extracellular vesicles 
from a three-dimensional culture of perivascular cells accelerate skin wound 
healing in a rat, Aesthetic Plast. Surg. 45 (5) (2021) 2437–2446. 

[442] O.S. El-Tookhy, A.A. Shamaa, G.G. Shehab, A.N. Abdallah, O.M. Azzam, 
Histological evaluation of experimentally induced critical size defect skin wounds 
using exosomal solution of mesenchymal stem cells derived microvesicles, Int J 
Stem Cells 10 (2) (2017) 144–153. 

[443] B. Zhao, G.F. Wu, Y.J. Zhang, W. Zhang, F.F. Yang, D. Xiao, K.X. Zeng, J.H. Shi, L. 
L. Su, D.H. Hu, [Effects of human amniotic epithelial stem cells-derived exosomes 
on healing of wound with full-thickness skin defect in rats], Zhonghua Shaoshang 
Zazhi 33 (1) (2017) 18–23. 

[444] H.W. King, M.Z. Michael, J.M. Gleadle, Hypoxic enhancement of exosome release 
by breast cancer cells, BMC Cancer 12 (2012) 1–10. 

[445] N. Ludwig, T.L. Whiteside, Potential roles of tumor-derived exosomes in 
angiogenesis, Expert Opin. Ther. Targets 22 (5) (2018) 409–417. 

[446] P. Kucharzewska, H.C. Christianson, J.E. Welch, K.J. Svensson, E. Fredlund, 
M. Ringnér, M. Mörgelin, E. Bourseau-Guilmain, J. Bengzon, M. Belting, 
Exosomes reflect the hypoxic status of glioma cells and mediate hypoxia- 
dependent activation of vascular cells during tumor development, Proc. Natl. 
Acad. Sci. USA 110 (18) (2013) 7312–7317. 

[447] Y. Liu, F. Luo, B. Wang, H. Li, Y. Xu, X. Liu, L. Shi, X. Lu, W. Xu, L. Lu, STAT3- 
regulated exosomal miR-21 promotes angiogenesis and is involved in neoplastic 
processes of transformed human bronchial epithelial cells, Cancer Lett. 370 (1) 
(2016) 125–135. 

[448] S. Zhang, W.C. Chu, R.C. Lai, S.K. Lim, J.H. Hui, W.S. Toh, Exosomes derived from 
human embryonic mesenchymal stem cells promote osteochondral regeneration, 
Osteoarthritis Cartilage 24 (12) (2016) 2135–2140. 

[449] Y. Chen, K. Xue, X. Zhang, Z. Zheng, K. Liu, Exosomes derived from mature 
chondrocytes facilitate subcutaneous stable ectopic chondrogenesis of cartilage 
progenitor cells, Stem Cell Res. Ther. 9 (1) (2018) 318. 

[450] J. Shao, J. Zhu, Y. Chen, Q. Fu, L. Li, Z. Ding, J. Wu, Y. Han, H. Li, Q. Qian, 
Y. Zhou, Exosomes from kartogenin-pretreated infrapatellar fat pad mesenchymal 
stem cells enhance chondrocyte anabolism and articular cartilage regeneration, 
Stem Cell. Int. 2021 (2021) 6624874. 

[451] Y. Zhu, Y. Wang, B. Zhao, X. Niu, B. Hu, Q. Li, J. Zhang, J. Ding, Y. Chen, 
Y. Wang, Comparison of exosomes secreted by induced pluripotent stem cell- 
derived mesenchymal stem cells and synovial membrane-derived mesenchymal 
stem cells for the treatment of osteoarthritis, Stem Cell Res. Ther. 8 (1) (2017) 64. 

[452] C.Y. Tan, R.C. Lai, W. Wong, Y.Y. Dan, S.K. Lim, H.K. Ho, Mesenchymal stem cell- 
derived exosomes promote hepatic regeneration in drug-induced liver injury 
models, Stem Cell Res. Ther. 5 (3) (2014) 76. 

[453] Z. Li, M. Zhang, J. Zheng, Y. Tian, H. Zhang, Y. Tan, Q. Li, J. Zhang, X. Huang, 
Human umbilical cord mesenchymal stem cell-derived exosomes improve ovarian 
function and proliferation of premature ovarian insufficiency by regulating the 
hippo signaling pathway, Front. Endocrinol. 12 (2021) 711902. 

[454] Q. Zhang, J. Sun, Y. Huang, S. Bu, Y. Guo, T. Gu, B. Li, C. Wang, D. Lai, Human 
amniotic epithelial cell-derived exosomes restore ovarian function by transferring 
MicroRNAs against apoptosis, Mol. Ther. Nucleic Acids 16 (2019) 407–418. 

[455] X. Pu, L. Zhang, P. Zhang, Y. Xu, J. Wang, X. Zhao, Z. Dai, H. Zhou, S. Zhao, 
A. Fan, Human UC-MSC-derived exosomes facilitate ovarian renovation in rats 

with chemotherapy-induced premature ovarian insufficiency, Front. Endocrinol. 
14 (2023). 

[456] H.-s. Park, R.M. Chugh, J. Seok, E. Cetin, H. Mohammed, H. Siblini, F. Liakath Ali, 
M.M. Ghasroldasht, H. Alkelani, A. Elsharoud, Comparison of the therapeutic 
effects between stem cells and exosomes in primary ovarian insufficiency: as 
promising as cells but different persistency and dosage, Stem Cell Res. Ther. 14 
(1) (2023) 1–16. 

[457] C. Xu, Y. Kang, X. Dong, D. Jiang, M. Qi, Integration exosomes with MOF- 
modified multifunctional scaffold for accelerating vascularized bone 
regeneration, Chin. Chem. Lett. 34 (2) (2023) 107528. 

[458] S. Ma, J. Wu, H. Hu, Y. Mu, L. Zhang, Y. Zhao, X. Bian, W. Jing, P. Wei, B. Zhao, 
Novel fusion peptides deliver exosomes to modify injectable thermo-sensitive 
hydrogels for bone regeneration, Materials Today Bio 13 (2022) 100195. 

[459] W. Yu, S. Li, X. Guan, N. Zhang, X. Xie, K. Zhang, Y. Bai, Higher yield and 
enhanced therapeutic effects of exosomes derived from MSCs in hydrogel-assisted 
3D culture system for bone regeneration, Biomater. Adv. 133 (2022) 112646. 

[460] W.B. Swanson, Z. Zhang, K. Xiu, T. Gong, M. Eberle, Z. Wang, P.X. Ma, Scaffolds 
with controlled release of pro-mineralization exosomes to promote craniofacial 
bone healing without cell transplantation, Acta Biomater. 118 (2020) 215–232. 

[461] L. Guo, M. Quan, W. Pang, Y. Yin, F. Li, Cytokines and exosomal miRNAs in 
skeletal muscle–adipose crosstalk, Trends Endocrinol. Metabol. 34 (10) (2023) 
666–681. 

[462] T. Xu, Y. Luo, J. Wang, N. Zhang, C. Gu, L. Li, D. Qian, W. Cai, J. Fan, G. Yin, 
Exosomal miRNA-128-3p from mesenchymal stem cells of aged rats regulates 
osteogenesis and bone fracture healing by targeting Smad5, J. Nanobiotechnol. 
18 (2020) 1–18. 

[463] J. Zhang, X. Liu, H. Li, C. Chen, B. Hu, X. Niu, Q. Li, B. Zhao, Z. Xie, Y. Wang, 
Exosomes/tricalcium phosphate combination scaffolds can enhance bone 
regeneration by activating the PI3K/Akt signaling pathway, Stem Cell Res. Ther. 
7 (1) (2016) 1–14. 

[464] Y. Zhang, Z. Hao, P. Wang, Y. Xia, J. Wu, D. Xia, S. Fang, S. Xu, Exosomes from 
human umbilical cord mesenchymal stem cells enhance fracture healing through 
HIF-1α-mediated promotion of angiogenesis in a rat model of stabilized fracture, 
Cell Prolif. 52 (2) (2019) e12570. 

[465] B. Liang, J.-M. Liang, J.-N. Ding, J. Xu, J.-G. Xu, Y.-M. Chai, 
Dimethyloxaloylglycine-stimulated human bone marrow mesenchymal stem cell- 
derived exosomes enhance bone regeneration through angiogenesis by targeting 
the AKT/mTOR pathway, Stem Cell Res. Ther. 10 (2019) 1–11. 

[466] Y. Zha, Y. Li, T. Lin, J. Chen, S. Zhang, J. Wang, Progenitor cell-derived exosomes 
endowed with VEGF plasmids enhance osteogenic induction and vascular 
remodeling in large segmental bone defects, Theranostics 11 (1) (2021) 397. 
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