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Abstract: Extracellular vesicles (EVs), including exosomes, microvesicles, and other lipid vesicles derived from 
cells, play a pivotal role in intercellular communication by transferring information between cells. EVs secreted 
by progenitor and stem cells have been associated with the therapeutic effects observed in cell-based therapies, 
and they also contribute to tissue regeneration following injury, such as in orthopedic surgery cases. This 
review briefly explores the involvement of EVs in tissue repair and nerve regeneration, their potential as drug 
carriers, and their significance in stem cell research and cell-based therapies. It underscores the importance for 
bioengineers to comprehend and manipulate EV activity to optimize the efficacy of tissue engineering and 
regenerative therapies. 

Keywords: nerve regeneration; non-coding RNAs; exosome; traumatic brain injury; blood-brain 
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1. Introduction 

Extracellular vesicles (EVs) are defined as heterogeneous vesicles known to be evolutionarily 
conserved, originating from endosomes or the plasma membrane and released by cells [1, 2]. They 
play active roles in both normal physiology and pathophysiology, owing to the significance of 
intercellular communication in prokaryotes and eukaryotic cells, which has driven their evolution 
[3]. EVs emerged as structures that facilitate this communication [4]. Today, it is known that the 
structures that provide encoded cellular functions are EVs.  EVs were first thought to be 
procoagulant platelet-derived particles in plasma in 1946. Later, as a result of the study carried out 
in 1967 by Wolf, these structures began to be called platelet powder [5].  In those years, he thought 
that these structures carried just cell residues that provide coagulation activity. However, it was later 
realized that they had much more functional duties than carrying the cell debris. EVs have 
transmembrane proteins, cytosolic proteins, and small RNA content consisting of the lipid bilayer 
and are defined as bioactive vesicles that are secreted from cells [6-10]. Generally, six main types of 
EVs have been defined according to their release mechanism and size. These are, nanovesicles [11], 
exosomes [12], microvesicles [13], apoptotic bodies [14], large oncosomes [15], and giant plasma 
membrane vesicles [16] (Figure 1.) 
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Figure 1. Some release studies of nanovesicles [11], schematic representation of exosomes [12] and 
apoptotic bodies [14]. 

Among these EVs, the most studied sub-types are exosomes and microvesicles [17]. Exosomes 
and microvesicles have different properties according to their cargo contents. Although exosomes 
and microvesicles are similar in size, their release pathways are completely different. Exosomes are 
produced by plasma membrane fusion of multivesicular endosomes (MVEs) followed by the release 
of intraluminal vesicles (ILVs), while mcrovesicles are secreted by outward vesiculation of the plasma 
membrane [18]. While various pathways exist for EV generation, the exact mechanism is still largely 
unknown. Cells can communicate with neighboring cells or distant cells by the secretion of EVs and 
sub-types. All EVs have surface molecules that allow them to be targeted to recipient cells [19]. After 
the EV binds to the target cell via receptor-ligand interaction, intercellular signaling is induced or it 
can enter the cell by endocytosis or phagocytosis. Thus, it triggers many changes to the physiological 
state of the target cell [20]. 

1.1. Exosome Biogenesis.  

Exosomes are bioactive vesicles secreted by cells, ranging in size from 40 to 200 nm, and taking 
an active role in intercellular cargo and communication, constituting the important subgroup of EVs. 
Exosomes, formed due to the differentiation of the endosome, originate from the cell membrane [17, 
18]. Their nanoscale components play a sophisticated role in mRNA regulation and are associated 
with many physiological and pathological functions [19]. Subsequent studies have shown that 
exosomes have functions as a mediator of cell-to-cell communication. They can easily interact with 
neighboring cells to facilitate the transfer of active molecules [20]. While exosomes are made up of 
specially ordered proteins, lipids, and nucleic acids, depending on its cell-type. In addition to 
approximately 4400 proteins, 194 lipids, 1639 mRNAs, and 764 miRNAs have been in the exosome 
content. The specific components from different cell types can also be identified. These different 
components reveal both the complex structure and potential functional diversity of exosomes [21, 
22].  

The biogenesis of exosomes is quite complicated, and begins with the activation of cell-specific 
receptors, then, continues the organized regulation of signaling pathways to initiate the cellular 
process [23]. There are currently two kinds of pathways that play a vital role in exosome biogenesis. 
The first one is dependent pathways “endosomal sequence complex transport (ESCRT)” and the 
second one is independent pathways. These pathways cannot be independent from each other [24, 
25]. These pathways may work either synergistically or different exosome subpopulations may be 
dependent on different mechanisms [26].  Exosome biogenesis mainly; originates from the 
endosomal system. This process begins with the formation of the early endosome with inward 
budding of the cell membrane followed by a second inward budding of the endosome membrane. 
With the second inward budding, intraluminal vesicles (ILVs) occur in the late endosome. Late 
endosomes containing ILV are also described as circumscribed multivesicular bodies (MVBs) [27, 28]. 
After this step, MVBs either fuse with the lysosome for degradation or follow the endocytic pathway 
for exosome formation [29]. During the endocytic process, plasma membrane surface proteins are 
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embedded in the inner membrane of endocytic vesicles [30]. Endocytic vesicles with plasma 
membrane surface proteins line the endoplasmic reticulum membrane and are then processed in the 
ILV in the Golgi complex. As the final step of the process, ILVs are taken into the extracellular space 
via the exocytotic pathway, where MVBs fuse with the plasma membrane and are released as 
exosomes. 

1.1. Microvesicles and Their Biogenesis.  

Microvesicles, which belong to the class of extracellular vesicles (EVs), are larger in size 
compared to exosomes and represent a less studied subgroup of EVs. They typically range in size 
from 100 to 1000 nm [31, 32].  

The biogenesis of microvesicles differs significantly from that of exosomes. While exosomes are 
formed through inward budding of the endosome, microvesicles can be released by outward 
budding from the plasma membrane [13].  

Regarding the biogenesis of microvesicles, cytoskeletal reorganization and associated molecules 
play a crucial role. One such molecule is Ca2+. A substantial increase in Ca2+ levels trigger the 
activation of calpain, which breaks down cytoskeletal proteins. This, along with the modulation of 
flippase, floppase, and scramblase, allows for the remodelling of membrane asymmetry, facilitating 
the outward budding of microvesicles [33, 34]. Actin, in coordination with myosin, induces a myosin-
based contraction of the cytoskeleton following the cytoskeletal changes [35]. Through a mechanism 
involving ATP-dependent contraction, the coordinated action of actin and myosin leads to the 
separation of microvesicles from the plasma membrane [36, 37]. Although the biogenesis of 
microvesicles involves more intricate processes, information on the intrinsic signals driving their 
formation remains limited. Microvesicles, also known as ectosomes, carry a diverse cargo, including 
cytosolic proteins, nucleic acids, metabolites, and plasma membrane proteins [38].  

2. Stem Cell-Based EVs 

Since the pioneering discovery of stem cells by Till and McCulloch in 1961, their application in 
both scientific and clinical contexts has gained significant momentum in recent years, attracting 
growing interest [39, 40]. Stem cells are unspecialized cells that possess the remarkable ability to self-
renew through division and differentiate into various cell types. They are crucial for basic and clinical 
research as they can proliferate to yield enough cells and differentiate into desired cell types based 
on their genetic potential. Moreover, they can integrate into the recipient's tissue after transplantation 
[41].  

According to the stem cell hypothesis, the microenvironment plays a pivotal role in maintaining 
and directing stem cells. The preservation, differentiation, and repair of stem cells are intricately 
linked to the presence of this microenvironment, known as the stem cell niche [42]. The stem cell 
niche consists of stem cells, supportive cells, and scaffolds, collectively contributing to the regulation 
of stem cell population and processes of determination, differentiation, and repair [43].  

Advancements in stem cell technology have opened exciting prospects in regenerative and 
translational medicine. Stem cells can be broadly categorized into two classes: embryonic stem cells 
(ESCs) and mesenchymal stem cells (MSCs) [42, 44]. ESCs, being pluripotent, have the potential to 
differentiate into cells from any of the three embryonic germ layers [45]. However, the use of 
embryonic stem cells is associated with certain challenges, including ethical concerns and the risk of 
teratoma formation. As an alternative, the utilization of programmable induced pluripotent stem 
cells shows great promise [46]. In contrast to embryonic stem cells, mesenchymal stem cells (MSCs) 
have more advantages despite their limited differentiation capacity [42, 46, 47]. There are several 
reasons why the use of MSCs is advantageous compared to other treatments: 

Availability: MSCs can be obtained from various sources, such as bone marrow, adipose tissue, 
and umbilical cord blood, making them more readily accessible compared to other stem cell types 
[48]. 
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Reduced immunogenicity: MSCs exhibit low immunogenicity, meaning they are less likely to 
elicit an immune response when transplanted into a recipient. This characteristic makes MSCs a 
suitable choice for allogeneic transplantation, where cells from a donor are used for therapy [49]. 

Immunomodulatory properties: MSCs possess immunomodulatory capabilities, allowing them 
to regulate immune responses and reduce inflammation. This feature is particularly beneficial in 
conditions where excessive immune responses contribute to tissue damage [50]. 

Tissue regeneration and repair: MSCs can promote tissue regeneration and repair through 
various mechanisms, including the secretion of growth factors, cytokines, and extracellular vesicles. 
These factors can stimulate endogenous repair processes and modulate the surrounding 
microenvironment [51]. 

Safety profile: MSCs have shown a favorable safety profile in preclinical and clinical studies, 
with a low incidence of adverse effects. This makes them a promising therapeutic option for a wide 
range of diseases and conditions [18]. 

Non-tumorigenic nature: Unlike embryonic stem cells, MSCs have a lower risk of forming 
teratomas or other tumors. This characteristic enhances their safety profile and reduces concerns 
associated with tumorigenicity [52]. 

Overall, the advantages of MSCs, including their availability, immunomodulatory properties, 
regenerative potential, safety profile, and reduced risk of tumorigenicity, make them a favorable 
choice for various therapeutic applications [47-49]. 

I. MSCs offer easy accessibility and can be isolated from various tissues.  
II. MSCs possess multipotent capabilities, allowing them to differentiate into multiple cell types.  
III. MSCs can be efficiently prepared according to clinical practice-specific standards within a 

reasonable timeframe.  
IV. MSCs can be stored for future therapeutic use, enabling repeated treatments.  
V. Allogeneic MSCs have been used in clinical trials without significant adverse reactions. VI. 

The safety and efficacy of MSCs have been extensively documented in numerous clinical studies [47]. 
To overcome the limitations of stem cells and facilitate cell-free therapies, there has been an 

increasing focus on studying stem cell-derived extracellular vesicles (EVs). It is well-known that stem 
cells actively employ EVs in cell communication within their microenvironment. Among the various 
types of stem cells, mesenchymal stem cells (MSCs) have received particular attention due to their 
wide range of cell sources, including bone marrow (BM-MSCs), adipose tissue (AD-MSCs), and 
umbilical cord blood (UC-MSCs) [53]. The intercellular interactions mediated by stem cell EVs have 
been demonstrated to play a crucial role in disease treatment. The bioactive molecules carried by EVs 
exert their effects on target cells through several mechanisms, including: 

Direct stimulation of target cells via surface-bound ligands. 
Transfer of activated receptors to recipient cells. 
Epigenetic reprogramming of recipient cells through the delivery of functional proteins, lipids, 

and non-coding RNAs [54]. 
Exosomes can engage in communication with both nearby and distant cells. Numerous studies 

have investigated the therapeutic efficacy of stem cell EVs in various disease models, as summarized 
in Table 1. 

Table 1. Use of different stem cell-derived EVs in preclinical studies. 

INVESTİGATED 

DİSEASE 
EV SOURCES Used EVs 

THERAPEUTİC 

MECHANİSM 
Ref. 

Liver Fibrosis 
Human Umbilical 

Cord MSC 
Exosome 

By inhibiting the epithelial-to-

mesenchymal transition (EMT) 

by increasing E-cadherin-positive 

cells and decreasing N-cadherin- 

and vimentin-positive cells 

Li et al, 

2013[55] 
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Prostate Cancer 

Human Adipose-

derived stromal cell  

MSC 

Exosome 

BclxL activity decreased by miR-

145 decreased proliferation and 

increased apoptosis 

Takahara et al, 

2016 [56] 

Autoimmune 

Uveoretinitis 

Human Umbilical 

Cord MSCs 
Exosome 

By inhibiting the migration of 

inflammatory cells 

Bai et al, 2017 

[57] 

Acute Lung Injury 
Human Bone Marrow-

Derived MSCs 

Exosomes and 

Microvesicles 

Regulate immunity and reduce 

Pulmonary capillary permeability 

by Delivery of Angiopoietin-1 

mRNA 

Potter et al, 

2018 [58] 

Wound Healing 
Human Umbilical 

Cord MSCSs 
Exosome 

Reduces scar formation and 

myofibroblast accumulation by 

transfer of microRNAs and 

suppression of TGF-β 

Zhang et al, 

2021 [59] 

Kidney Injury 
Induced Pluripotent 

Stem Cell iPSC-MSCs 

Exosomes and 

Microvesicles 

By transporting the specificity 

protein (SP1) to renal tubular 

epithelial cells, it increases the 

expression of sphingosine kinase 

1 and inhibits necroptosis 

Yuan et al, 

2017 [60] 

Osteoporosis 
Induced Pluripotent 

Stem Cell iPSC-MSCs 
Exosome 

Protection against bone loss by 

activation of the PI3K/Akt 

signaling pathway 

Haga et al, 2017 

[61] 

Huntington's 

Disease 

Human Adipose-

derived stromal cell  

MSCs 

Exosome 

Reducing mHtt aggregate level, 

improving abnormal apoptotic 

protein level by regulating PGC-

1, phospho-CREB 

Lee et al, 2016 

[62] 

Myocardial 

Infarction 

Human Bone Marrow-

Derived MSCs 

Exosomes and 

Microvesicles 

Protecting heart tissue from 

ischemic damage by promoting 

neoangiogenesis 

Bian et al, 2014 

[63] 

Rheumatoid 

Arthritis 

Human Umbilical 

Cord MSCs 

Exosomes and 

Microvesicles 

Reducing joint inflammation, 

synovial hyperplasia, and 

cartilage destruction by 

decreasing T cell proliferation 

Xu et al, 2021 

[64] 

Diabetes-Type 1 
Human Wharton's 

Jelly-Derived MSCs 
Exosome 

It increases the insulin content 

and improves normoglycemia 

with the increase in VEGF 

expression 

Keshthar et al, 

2020 [65] 

Diabetes-Type 2 
Human Umbilical 

Cord MSCs 
Exosome 

It restores phosphorylation 

(tyrosine domain) of insulin 

receptor substrate 1 and protein 

kinase B, promotes expression 

and membrane translocation of 

glucose transporter 4 in muscle, 

and increases glycogen storage in 

the liver to maintain glucose 

homeostasis, thereby inhibiting β-

cell apoptosis. 

Yan et al, 2018 

[66] 

Breast Cancer 

Human Adipose-

derived stromal cell  

MSCs 

Exosome 

Overexpression of miR-145 leads 

to the downregulation of ROCK1, 

which inhibits cell proliferation 

and suppresses metastasis. 

Sheykhhasan et 

al, 2021 [67] 

Lung Cancer 
Human Umbilical 

Cord MSCs 

Exosomes and 

Microvesicles 

miR-130b-3p directly targeted 

FOXO3, and FOXO3 

Guo et al, 2021 

[68] 
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upregulated Keap1 expression to 

downregulate NFE2L2, thereby 

inhibiting TXNRD1. FOXO3 

overexpression or silencing of 

NFE2L2 or TXNRD1 decreased 

lung cancer cell proliferation, 

invasion, and migration but 

increased apoptosis. 

Gastric Cancer 
Human Bone Marrow-

Derived MSCs 
Exosome 

Inhibition of gastric cancer cell 

migration and invasion by miR-

221 transfection 

Kim et al, 2017 

[8] 

Covid-19 
Human Umbilical 

Cord MSCs 
Exosome 

A clinical trial of the treatment of 

chronic cough is still ongoing 

Sharma et al, 

2022 [69] 

* Tables may have a footer. 

2.1. Stem Cell-Based EVs in Peripheral Nerve Regeneration 

The therapeutic potential of stem cells and their underlying mechanisms largely depend on the 
conduction pathways and timing of transplantation, particularly in the context of peripheral nerve 
injuries, which have been shown to be one of the most effective methods [70]. Numerous studies have 
demonstrated that systemic administration of stem cells in experimental stroke models reduces post-
stroke brain damage, enhances neurological recovery, and activates neurodegenerative processes 
[71]. Study by Doeppner et al, 2015 showed that the therapeutic efficacy of extracellular vesicles (EVs) 
in peripheral nerve damage has been found to be comparable to that of stem cells when applied 
systemically [72].   

Research investigating the effects of mesenchymal stem cell-derived exosomes has shown a 
reduction in inflammation and a contribution to neuronal regeneration in rats with spinal cord injury 
[73-75]. Ma et al, 2019 reported that umbilical cord MSC-derived EVs effectively promote functional 
recovery and nerve regeneration in a rat model of sciatic nerve injury, suggesting a promising clinical 
approach for peripheral nerve repair [7].  Indeed, researchers have suggested that the clinical 
application of MSC-derived EVs may be more appropriate than the application of stem cells. 

Similar studies obviously pull out the role of stem cell derived EVs which can facilitate the 
creation of a suitable micro-environment for nerve regeneration by activating the secretion of 
neurotrophic and nerve growth factors, thereby this promotes the regeneration of the damaged 
neuron [76-78]. Today, clinical studies of stem cell derived EVs are expanding and their functions in 
neural regeneration is considered not only a promising tool, but also less expensive therapy [79]. 

2.1. Stem Cell-Based EVs in Central Nervous System Regeneration 

Studies investigating the therapeutic efficacy of stem cell-derived extracellular vesicles (EVs) 
have focused on their potential for central nervous system (CNS) regeneration. While the field is still 
relatively new, these studies have provided valuable insights, although the complete mechanism of 
regeneration remains to be fully elucidated. 

Traumatic brain injury (TBI) is a common event that can have wide-ranging effects on various 
systems. Exosomes derived from human adipose MSCs (AdMSC-EXs) have demonstrated significant 
benefits in mouse models of TBI. These exosomes have been shown to increase neuron count, reduce 
inflammation, and improve sensory and cognitive function more effectively than AdMSCs alone [80]. 
Besides, there are some recent studies about CNS axon regeneration ophthalmologic animal models 
by using exosomes [81-84].  

Another study investigating MSC-derived exosomes has focused on Alzheimer's disease. It has 
been suggested that exosomes derived from adipose stem cells express high levels of neprilysin 
(NEP), an enzyme involved in amyloid β (Aβ) degradation. This finding indicates a potential 
therapeutic role for these exosomes in reducing Aβ levels in the brain and positively influencing the 
disease course [75, 85]  
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In a study by Mendes-Pinheiro et al., the injection of MSCs secretome in a rat model of 
Parkinson's disease resulted in improvements in animal behavior compared to the 6-OHDA group. 
The secretome was found to contain neurotrophic and neuroprotective molecules, such as vascular 
endothelial growth factor (VEGF), brain-derived neurotrophic factor (BDNF), and glial cell line-
derived neurotrophic factor (GDNF), which showed beneficial effects on dopaminergic neurons [86].  

In another study by Chen et al. 2019, It was reported by in vitro experiments of SH-SY5Y cell 
line, that the proliferation of human umbilical cord exosomes could be stimulated with 6-
hydroxydopamine (6-OHDA). This contributed to the proliferation of rats with Parkinson's model in 
the substantia nigra by decreasing dopaminergic neuron loss and apoptosis, and the rise in dopamine 
levels in the striatum [87].  

In a study reported in 2012, researchers reported that adipose tissue MSCs (AT-MSCs) and MSCs 
from Wharton's jelly (WJ-MSCs) can secrete neuro-regulatory/trophic factors that can increase the 
metabolic viability of hippocampal neurons in vitro [88]. In near future, EVs will have vital role by 
crossing the blood-brain barrier by the aid of suitable subtypes. Especially, they will be able to induce 
neurological recovery through address delivery of cargo proteins and non-coding RNAs in EV-
subtypes which can serve treatment of central nervous system diseases [89]. 

3. Conclusions  

There is currently a growing interest in clinical trials investigating the therapeutic effect of MSCs 
in a wide variety of target systems and their potential applications. While the ethical concerns and 
risk of teratoma associated with stem cells still impact clinical studies, the use of stem cell derived 
EVs shows promise in overcoming these limitations. EVs possess similar therapeutic capabilities as 
stem cells but without many of the drawbacks associated with cell-based therapies. These unique 
properties position EVs as a valuable therapeutic approach. In the future, EVs may not only be 
utilized for therapeutic purposes but also for diagnostic applications as well. With their ability to 
regulate gene expression, facilitate tissue regeneration, and exert anti-inflammatory effects, EVs have 
the potential to become highly effective therapeutic agents. Moreover, by modifying EVs, their 
therapeutic efficacy can be further enhanced through targeted delivery using nanocarrier systems. 
Stem cell derived EVs have the advantage of spreading therapeutic properties both locally and 
systemically, making them a safer alternative to cellular therapy and transplantation surgery. As 
research in this field deepens in the coming years, stem cell EVs are expected to offer significant 
advancements in the field of regenerative medicine. 

However, several challenges need to be addressed for the successful use of stem cell-derived 
extracellular vesicles (SC-EVs). These challenges include: 

Standardization: It is crucial to establish standardized protocols for the isolation and 
characterization of EVs to ensure consistent quality and reproducibility of therapeutic preparations. 

Storage Optimization: Optimal storage conditions for SC-EVs must be determined to maintain 
their stability and therapeutic efficacy during storage and transportation. 

Sterilization: Ensuring the sterility of EVs without compromising their content and structural 
integrity is important for safe clinical applications. 

Scalable Production: Developing large-scale production techniques is necessary to meet the 
increasing demand for SC-EVs in clinical settings. 

Once these challenges are overcome, future research can focus on the development of 
bioengineered MSCs that have enhanced properties for targeted delivery of various therapeutic 
molecules and increased yield of EVs. We anticipate that there will be significant advancements in 
this field with numerous new studies emerging in the coming years. 
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