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Abstract 

Exosomes, as therapeutically relevant cell-secreted extracellular vesicles, have attracted enormous 
interest because they participate in intercellular communication and facilitate wound healing. Stem 
cell-derived exosomes exhibit similar biological effects to source cells with the exception of low 
immunogenicity and no tumorigenicity, as well as superior efficacy in promoting wound healing. 
Exosomes accelerate wound healing by promoting angiogenesis and cell proliferation, as well as balancing 
inflammatory responses. Particularly, when exosomes are genetically modified or used in combination 
with materials, they can exhibit better comprehensive therapeutic properties, such as enriching active 
ingredients, targeted delivery, and physiological barrier to penetration, which are not available in 
traditional single products. Besides, exosomes have also been considered for diagnostic and therapeutic 
uses related to wounds, such as repairing complex wounds, enhancing graft success, treating related 
complications, and serving as diagnostic biomarkers. However, their clinical applications still face 
challenges, as reliable commercial products are not yet available. This review will focus on recent 
research advances that describe the characteristics and isolation of exosomes, introduce the sources of 
exosomes suitable for wound repair and related complications, illustrate the value of engineered 
exosomes and their development directions in the future, and provide evidence for the potential 
therapeutic application of exosomes in wound healing, as well as discuss potential risks, challenges, and 
solutions for future applications. 

Keywords: exosomes, stem cells, engineered exosomes, wound healing, biomaterials, complex wounds, complications, 
biomarkers. 

Introduction 
Exosomes are extracellular vesicles (EVs) 

generally with about 30-150 nm diameter [1]. 
Intraluminal vesicles are formed by the invagination 
of multivesicular bodies in the endosome-lysosomal 
pathway [2, 3]. Under the action of vesicle 
transport-related proteins, multivesicular bodies 
containing intraluminal vesicles will fuse with the cell 
membrane, and the released intraluminal vesicles are 

called exosomes. Exosomes contain various proteins, 
nucleic acids, and essential cell communication 
mediators. Among them, stem cell-derived exosomes 
have similar biological functions to their sources 
while at the same time possessing the advantages of 
small size, easy penetration of biological membranes, 
low immunogenicity, easy storage, and no tumoriza-
tion [2, 4]. Their unique lipid bilayer membrane 
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structure can protect its contents and resist 
environmental damage. The advent of stem cell 
preparation technology has rendered stem cells 
towards clinical translation. The industrialization of 
stem cell drugs is being promoted all over the world. 
However, the safety of stem cells is still the focus of 
the clinical application. Compared with stem cells, 
exosomes are considered safer biopharmaceuticals [5]. 
Consequently, exosomes are regarded as a kind of 
biological medicine with the potential for 
development. 

Exosomes have been viewed as "naturally 
domesticated" endogenous nanocarriers in the past 
few years. Recently, the rise of the concept of 
engineered exosomes has broken this notion, allowing 
exosomes to become “artificially domesticated” 
nanocarriers [6, 7]. Nowadays, genetic or chemical 
engineering can modify exosomes to have specific 
biological functions. It improves the ability of 
exosomes to load drugs and presents excellent drug 
delivery properties, such as non-liver-targeted nucleic 
acid drug delivery and blood-brain barrier 
penetration. Additionally, exosomes can also be 
combined with a variety of materials. In addition to 
increasing the performance of the raw materials, some 
disadvantages can also be decreased. These 
characteristics make exosomes promising for wound 
healing. 

Wound healing is a complex biological process 
involving many different stages. The wound 
treatment will be more complicated when the patient 
has other diseases. For example, burns cause skin 
injury and systemic complications, so medication 
should be used carefully. In wound healing, tissue 
regeneration mainly depends on the growth and 
proliferation of cells, and the existing drugs or growth 
factors provide an auxiliary effect. Several studies 
have shown that stem cells and their exosomes can 
benefit wound healing [8-11]. In addition to 
promoting cell proliferation and tissue regeneration, 
exosomes also reduce scarring, complications, and 
immune responses to graft materials [12, 13]. These 
multiple therapeutic effects are more attractive than 
single protein drugs. Moreover, the continuous 
modification of exosomes, such as genetic 
modification, chemical treatment, and binding 
materials, improves the therapeutic effect. Therefore, 
this review will describe the characterization, 
preparation, and origin of exosomes, focusing on the 
application of exosomes in conventional and complex 
wound healing, discuss the research progress of 
engineered exosomes in wound repair, and present 
directions for future research. 

Biological characteristics of exosomes 

Exosomes and EVs 
The release of EVs during the development of 

reticulocytes was first discovered in 1983 [14]. All 
secreted membrane vesicles are now referred to as 
EVs. Endocytic-derived vesicles with a diameter of 30 
to 1000 nm are released into the extracellular 
environment by various cell types, including platelets, 
B cells, T cells, mast cells, cancer cells, and others 
[15-17]. They can only be detected using fluorescently 
tagged fluorescence microscopy rather than standard 
light microscopy because they are typically 5- to 
10-fold smaller than wavelengths of light visible. EVs 
can be found in various cell types and body fluids, 
including saliva, urine, blood and breast milk [18]. 

With an in-depth understanding of EVs, it has 
been found that EVs can also be divided into various 
subtypes according to diameter, function, and source 
(figure 1). Exosomes are a crucial subtype of EVs [19]. 
These vesicles have been shown to have intrinsic 
biological properties with essential roles in cell-to-cell 
communication and regulation of cell function, with 
the potential to be novel therapeutic agents. 
Microparticles/microvesicles are released directly 
from the plasma membrane and are approximately 
100-1000 nm in diameter. Tumor vesicles (large 
oncosomes) are produced by releasing tumor cells 
and are about 1-10 μm in diameter. The apoptotic 
body/bleb is about 50-2000 nm in diameter and is 
produced by apoptosis. Recently, a type of EVs called 
migrasomes has been discovered [20-23]. During 
migration, cells produce many retraction fibrils along 
their paths, and at the tips and intersections of these 
retraction fibrils, small vesicles of about 0.5 μm-3 μm 
diameter are produced. Since the formation of these 
vesicles depends on cell migration, they are called 
"migrasomes". Migrasomes contain small vesicles of 
50 to 100 nm diameter and are also called 
pomegranate-like structures because they resemble 
pomegranates. 

Additionally, there are numerous understudied 
subtypes of EVs. Due to the differences in the size of 
different EV subpopulations and the biomolecules 
they contain, some groups are characterizing the 
composition of EV subpopulations. Several studies 
have classified EVs into additional subpopulations 
based on surface proteomic analysis or transcriptional 
profiles of individual EV populations [24]. While 
there are numerous methods for isolating exosomes, 
none of them completely purifies specific 
subpopulations. The isolated subpopulations are 
usually enriched in a subpopulation with other EV 
subpopulations. 
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Figure 1. Illustration of the major populations of extracellular vesicles. Exosomes are endosome-derived EVs formed by inward budding from the cell 
membrane. Microvesicles arise from fission and outward budding of the plasma membrane. Oncosomes are membrane-derived extracellular vesicles secreted by cancer cells. 
Plasma membrane blebbing is the apoptotic or pyroptotic body produced by programmed cell death. Migrasomes originate from migrating cells. M = mitochondria, RER = rough 
endoplasmic reticulum, Mic = micronuclei, RF = retraction fibrils. 

 

Composition of exosomes 
Exosomes are composed of membranes and 

substrates. Essentially, exosomes are derived from cell 
membranes, so the phospholipid bilayer structure is 
not much different from cell membranes. There are 
proteins on the membrane, such as the typical 
exosomal membrane proteins CD9, CD63, and CD81, 
which can be used as exosomes to distinguish them 
from other EVs [25]. The other type is specific 
membrane proteins, unique to exosomes secreted by 
particular cells. For example, A33 is derived from 
colon epithelial cells [26], and MHC-II and CD86 are 
from antigen-presenting cells [27].  

Exosomes contain major functional effector 
substrates, including proteins, mRNAs, miRNAs, 
noncoding RNAs, and metabolites. They can regulate 
the levels of RNA and proteins in cells, affecting the 
shape and function of cells. The majority of current 
research into the function of exosomes is concentrated 
on these aspects. Many studies have improved the 
efficacy of exosomes by genetically altering the 
contents of exosomes [28, 29]. 

Additionally, there is a controversy surrounding 
whether exosomes contain DNA. Until 2019, two 
studies explored this important question in depth. 
Robert J. Coffey et al. detected DNA from purified 
small EVs and non-vesicular compartments (NV) and 

observed that dsDNA was enriched in NV fractions 
but no DNA in small EVs [30]. At the end of the same 
year, Anil K. Sood et al. reported the presence of 
genomic DNA (gDNA) and nuclear proteins within 
exosomes [31]. Moreover, gDNA is mainly derived 
from exosomes of tumor cells rather than healthy 
cells. However, gDNA is primarily located in the 
nucleus, and the generation of exosomes is usually 
not associated with the nucleus. They demonstrated 
that tetraspanins, such as CD63, encapsulate 
disintegrated micronuclei, which bind to gDNA and 
nucleoproteins in complexes, and are finally loaded 
into exosomes. These studies illustrate the 
heterogeneity of exosomes from different sources. 
Exosomes containing gDNA may be biomarkers for 
identifying specific tumor cells. 

Function of exosomes 
Exosomes play a significant role in intracellular 

communications [14, 32]. For the most part, the 
biological features of exosomes reflect themselves in 
three ways, including that exosomes can carry and 
transmit biological information. Firstly, exosomes 
transport nucleic acids, lipids, proteins, and other 
signaling molecules to regulate intercellular 
communications. It initially evolved during the early 
stages of evolution and potentially affected the 
behavior of target cells in several ways [33]. 
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Secondly, exosome components, such as 
mRNAs, lipids, and microRNAs, can influence 
protein modification and placement, thereby 
regulating the receptor cell phenotype and function. 
On the other hand, exosomes play a crucial role in 
transferring and removing components from cells. 
Furthermore, exosomes have a role in immuno-
regulation. Exosomes have been found to reduce the 
proliferation and differentiation of T cells in vitro, as 
well as suppress IFN-γ production from T cells [34]. 

Additionally, a recent study found an important 
role for exosomes in regulating cell size. They 
demonstrated that 3D cell culture reduced the size of 
MSCs by reducing cytoskeletal tension to increase 
EVs and exosome excretion [35]. It gives a deeper 
understanding of the role of exosomes in maintaining 
cell size homeostasis and solves the clinical 
translation problem of capillary blockage caused by 
excessive stem cell volume. 

Sources of exosomes 
Exosomes released by specific tissues and cells 

have distinct components and unique features. 
Currently, stem cells are the most concerned source of 
exosomes. Exosomes of skin stem cell populations are 
equally attractive, but research is in its infancy. 
Immune cells and endothelial cells have also been of 
interest. Furthermore, induced pluripotent stem cells 
(iPSCs) are the most promising source of engineered 
exosomes. This section will systematically discuss the 
features and functions of exosomes, which may 
contribute to wound healing, from various sources. 

Human umbilical cord mesenchymal stem cells 
The most widely employed stem cells in clinical 

studies are human umbilical cord mesenchymal stem 
cells (hucMSCs), multipotent and self-renewing stem 
cells. Under particular conditions, hucMSC can 
differentiate into the cell types that comprise human 
tissues and organs [36]. The hucMSCs have a wide 
range of clinical applications since they express all of 
the fundamental properties of bone marrow MSCs 
and demonstrate high proliferation, differentiation 
potential, and minimal immunogenicity [37]. These 
advantages make hucMSCs the most promising stem 
cell-based drug delivery system. Additionally, 
multiple studies have been conducted to determine 
the efficacy of hucMSC therapies for various diseases, 
and critical therapeutic advancements have been 
accomplished with these cells [36, 38, 39]. 
Furthermore, hucMSC-derived exosomes (hucMSC- 
exos) have demonstrated similar efficacy to hucMSCs 
in various diseases. For example, anti-apoptotic, 
anti-inflammatory, and promoting tissue regeneration 
[40-43]. However, the mechanisms behind these 

benefits are unclear, and most research was 
conducted on animal models. The utility of 
hucMSC-exos in human clinical trials should be 
investigated further. 

Adipose-derived stem cells 
Adipose-derived stem cells (ADSCs) are isolated 

from adipose tissue that exhibits multilineage 
differentiation, high proliferation capability, and 
self-renewal properties [44, 45]. Since adults have lost 
the opportunity to store the umbilical cord and 
placenta, obtaining stem cells from adipose tissue is 
an alternative option. ADSC-derived exosomes 
(ADSC-exos) are key paracrine components secreted 
by ADSCs, having a variety of biological functions. 
ADSC-exos have garnered considerable interest due 
to their role as paracrine mediators, contributing to 
tissue regeneration. ADSC-exos have been demons-
trated to promote cutaneous wound healing by 
regulating the HDFs, HaCaTs, and other major target 
cells via various signaling pathways [46, 47]. 
Furthermore, ADSC-exos may enhance collagen 
synthesis during cutaneous wound healing by 
upregulating the PI3K/Akt pathway [48]. According 
to Li X. et al. [49], exosomes from NF-E2-related factor 
2 (Nrf2)-overexpressing ADSCs dramatically 
decreased the ulcerated area in the foot of diabetic rats 
by angiogenesis and boosted endothelial cell 
proliferation to promote wound healing. 

Bone marrow-derived mesenchymal stem cells 
Bone marrow mesenchymal stem cells 

(BMMSCs) are one of the most widely used stem cells 
in clinical research. Compared with hucMSCs and 
ADSCs, BMMSCs are more challenging to isolate and 
riskier to obtain. However, their effects for different 
indications are not the same and cannot completely 
replace each other [50, 51]. In experimental models of 
diverse pathologies, the utilization of BMMSCs- 
derived exosomes (BMMSC-exos) as a possible 
approach for future therapeutics has been investi-
gated. These studies have confirmed that exosomes 
can improve tissue fibrosis and promote tissue 
regeneration through anti-apoptosis, anti-oxidation, 
and anti-inflammation [52-55]. Since these exosomes 
are derived from bone marrow, previous studies 
usually focus on bone regeneration and internal organ 
repair. Recently, studies have confirmed that 
BMMSC-exos can also promote wound healing. 
BMMSC-exos promote the proliferation and 
migration of human spontaneously immortalized 
keratinocyte cell line (HaCaT) through the miR-93- 
3p/apoptotic peptidase activating factor 1 (APAF1) 
pathway [56]. Although the effect of BMMSC-exos in 
promoting skin-related cell proliferation was good in 
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vitro, the results of in vivo studies suggested that 
BMMSC-exos had a limited impact on chronic 
wounds [57, 58]. Therefore, further improvement of 
exosomes is needed to improve the targeting of 
indications. 

Furthermore, a study showed an interesting 
result: the beneficial effects of BMMSC-exos in healthy 
rats were better than in diabetic rats [59]. It suggests 
that exosomes derived from various cell types have 
different therapeutic properties (52), and exosomes 
derived from unhealthy individuals may have 
different substrates. Therefore, it is necessary to 
ensure a strict quality control system when treating 
with stem cells or exosomes. 

Other mesenchymal stem cells 
Mesenchymal stem cells (MSCs) are pluripotent 

stem cells and vital members of the stem cell family. 
Unlike other stem cells that are derived from specific 
tissues, MSCs are a general term for a class of stem 
cells that can come from a variety of different tissues, 
including adipose tissue, muscle, liver, placenta, 
amniotic fluid, blood, pulp, brain, bone marrow, 
spleen, kidney, thymus lung, and pancreas [60-62]. 
For example, the hucMSCs, ADSCs, and BMSCs 
described above are all MSCs. MSCs exhibit various 
characteristics that distinguish them from other cell 
types, making them an ideal source of exosomes. 

Currently, hucMSCs and BMSCs are the most 
registered MSCs in clinical studies [63, 64], and 
autologous ADSCs are widely used in cosmetic 
surgery. In terms of technical maturity and usage 
safety, they are more likely to be used as sources of 
exosomes in future applications. This is the reason 
why we focus on these three MSCs. Besides, many 
other MSCs are effective in wound healing, but 
relatively few studies have been performed. For 
example, umbilical cord blood MSCs and their 
exosomes inhibited TGF-β receptors through the high 
expression of miR-21-5p and miR-125b-5p to promote 
traumatic tissue regeneration and reduce scar 
formation [65]. Human amniotic fluid MSCs and their 
exosomes suppressed TGF-β expression by upregu-
lating miRNAs (let-7-5p, miR-22-3p, miR-27a-3p, 
miR-21-5p, and miR-23a-3p) to promote wound 
healing and inhibit scar formation [66]. Another study 
showed that both placental MSCs and their exosomes 
promoted wound healing and skin appendage 
regeneration with significantly better results than 
ADSC-exos [67]. 

Furthermore, preliminary findings suggest that 
some immunomodulatory features of MSCs can be 
transferred to their exosomes, enhancing the lifespan 
of the MSC exosome-derived drug delivery vehicle 
and improving drug bioavailability. Additionally, 

when the exosome-associated protein CD81 was 
quantified to determine the number of exosomes 
secreted by different cell types, MSCs produced the 
highest amount of exosomes [68]. On the contrary, 
while MSCs have a high capacity for expansion in 
vitro, this does not bode well for the long-term 
viability and large-scale synthesis of MSC exosomes. 
However, prior studies have shown that using Myc 
oncogene immortalized MSCs can overcome this 
feature [69]. Immortality reduces the MSCs 
differentiating capability without impairing exosome 
synthesis or therapeutic efficacy. All in all, MSCs are 
an excellent source of exosomes due to their 
immunomodulatory features and prolific synthesis of 
the exosome. 

Skin stem cell populations 
Indeed, the skin has a strong self-healing ability, 

attributed to its rich population of stem cells, such as 
epidermal stem cells (ESCs) and hair follicle stem cells 
(HFSCs). Both have been shown to have significant 
clinical applications; however, research on them is 
still in its initial stages. In addition to these two stem 
cell populations, skin also contains many other stem 
cell populations. However, many studies are not 
mature due to the limitation of the technology. 
Therefore, this section focuses on the discussion of 
ESCs and HFSCs. 

ESCs are critical cells that maintain epidermal 
renewal and repair. After wounding, ESCs near the 
traumatic margin migrate to the wound surface to 
promote re-epithelialization. Recent studies have 
shown that ESCs and their exosomes can promote 
wound healing. For example, ESCs exosomes inhibit 
the activity of TGF-β1 and its downstream genes by 
upregulating the substrates miR-16, let-7a, 
miR-425-5p, and miR-142-3p to promote traumatic 
tissue regeneration as well as reduce scarring in rats 
[70]. Additionally, Ogawa et al. found that human 
immortalized epidermal cell line (HaCaT) pretreated 
with Fisetin can secrete exosomes to activate HFSCs 
proliferation [71]. 

Similarly, HFSCs have multidirectional 
differentiation potential and are one of the important 
stem cells for maintaining skin renewal and repair 
[72-74]. Under normal conditions, HFSCs are present 
only in hair follicles and are not involved in wound 
repair [72, 75-77]. However, after stimulation by 
wounding, HFSCs will migrate to the wound surface 
and differentiate into epidermal cells to promote 
re-epithelialization. Studies have proven that hair 
follicle grafting can promote the regeneration of 
traumatic tissue [78]. In vitro culture of HFSCs has 
been challenging, but recently this issue has been 
solved [79]. These studies provide the basis for the 
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future use of artificial HFSCs and their exosomes for 
wound treatment. Additionally, dermal papilla 
cells-derived exosomes have been shown to promote 
hair follicle growth [80-82]. Although these studies 
did not clearly state that this exosome promotes 
wound repair, it can be speculated that it may also 
have a cooperative function in promoting skin cell 
regeneration. 

Macrophages 
Inflammation is an inevitable stage of cutaneous 

wound healing, inseparable from the regulation of 
macrophages. Injured tissues secrete various 
cytokines and chemokines to recruit monocytes, 
which will be polarized into different subtypes in the 
injury microenvironment. The most common 
phenotypes are the pro-inflammatory M1 and 
anti-inflammatory M2 subtypes [83-85]. Typically, 
macrophages are first polarized to the M1 subtype, 
and their main function is to clear pathogens and 
dead cells. In the next stage, the macrophages 
gradually transform into the M2 subtype, and their 
main functions include suppressing inflammation and 
promoting angiogenesis and tissue repair. In the 
cutaneous wound healing process, the ratio of 
M1/M2 is critical. Excessive activation of M1 
exacerbates tissue damage, and inhibition of M2 
activation reduces healing capacity [86]. 

Furthermore, a study based on M2 exosomes 
showed that subcutaneous injection of M2 exosomes 
into the wound edge reduced the M1/M2 ratio by 
promoting macrophage reprogramming, thereby 
enhancing angiogenesis, re-epithelialization and 
collagen deposition to accelerate wound healing [87]. 
Currently, macrophage-based medical devices 
available on the market are used to treat wounds. 
Therefore, we think macrophage-derived exosomes 
are also potential drugs for wound treatment. 

Endothelial progenitor cells 
Endothelial progenitor cells (EPCs) are a hetero-

geneous population of mononuclear cells capable of 
migrating and differentiating in wound sites or 
performing paracrine functions. Exosomes have 
acquired significant attention among the EPCs' secret-
omes due to their potential for cell-free biological 
treatment, biocompatibility, and immunogenic 
properties. As a result, EPC-derived exosomes 
(EPC-exos) are attractive candidates for cell-free 
therapies and novel drug delivery systems in treating 
a variety of pathologies, including cardiovascular 
diseases, bone diseases, brain damage, and diabetic 
complications. Numerous studies have demonstrated 
that EPC-exos reduce hypertension, dyslipidemia, 
circulating cytokine levels, and arterial remodeling by 

modulating immune cells and oxidative stress levels 
[51, 88-91]. Importantly, EPC-exos can avoid the risk 
of a pulmonary embolism due to oversize EPCs 
volume while reducing inflammation and tissue 
damage [51, 92]. Besides, EPC-exos exhibits increased 
stability, biocompatibility, and immunogenicity. 
EPC-exos also showed excellent efficacy in promoting 
wound healing. Several studies have confirmed that 
EPC-exos promote angiogenesis by up-regulating 
angiogenesis-related factors and regulating ERK1/2 
and miRNA-221-3p to accelerate the healing of 
chronic diabetic wounds [93-96]. As a result, EPC-EVs 
may offer promising prospects for innovative cell-free 
therapeutics in treating various diseases. 

Human induced pluripotent stem cell 
Since Yamanaka et al. demonstrated that 

retrovirus systems could deliver Oct3/4, Sox2, c-Myc, 
and Klf4 into somatic fibroblasts. Fibroblasts could be 
transformed into pluripotent stem cells and are hence 
referred to as induced pluripotent stem cells-derived 
exosomes (iPSCs) [97]. The iPSCs can develop into 
any cell lineage in the body and have regenerative 
characteristics [98]. Recently, iPSC-derived exosomes 
(iPSC-exos) have been shown to have therapeutic 
benefits, mainly through a paracrine pathway [99]. 
Numerous studies have successfully demonstrated 
the efficacy of iPSC-exos in wound healing. Zhang et 
al. established the first use case of human 
iPSC-derived MSCs (hiPSC-MSCs) in treating rat 
cutaneous wounds [100]. Subcutaneous injections of 
hiPSC-MSC-exos around rat wound sites led to rapid 
re-epithelialization, decreased scar widths, and 
collagen maturation. These findings indicate that 
hiPSC-MSC-exos can stimulate collagen production 
and angiogenesis, thereby accelerating the healing of 
cutaneous wounds. Additionally, Kobayashi et al. 
reported that diabetic ulcer mice treated with 
exosomes from undifferentiated hiPSCs showed 
quicker wound closure and healing rates [101]. In an 
in vitro scratch assay, these exosomes promoted 
fibroblast migration and proliferation. To assess the 
potential of iPSC-exos in human clinical trials, Lu et 
al. treated the wounds with exosomes derived from 
allogeneic rhesus macaque iPSCs [102]. They 
observed rapid epithelialization, collagen deposition, 
and angiogenesis in skin wounds. In addition to 
customized treatment employing autologous 
exosomes, iPSC-exos might be a potential alternative 
for disease therapy (figure 2). Despite these 
encouraging advances, the possible use of allogeneic 
iPSC-exos in different disease models requires more 
investigation and evidence. 
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Figure 2. Schematic process for producing self-derived exosomes as a new biological theranostic agent. Generally, any somatic cell can be induced to 
produce iPSCs for exosome production by in vitro reprogramming. For example, peripheral blood mononuclear cells can be induced into iPSCs, and then plasmids 
containing specific genes can be introduced into the cells. Exosomes can be harvested from cell culture and modified to increase their substrates and functions. Particularly, 
quality-controlled exosomes can well meet the requirements of clinical application. 

 

Others 
The main source of exosomes in the laboratory is 

the supernatant of the cell culture medium. Two main 
sources of such supernatants are culturing cells in 
fetal bovine serum (FBS) medium depleted of 
extracellular vesicles and culturing cells in an FBS-free 
medium. However, it remains unclear which is 
superior and its effect on cells. Although it is still 
inconclusive, the current mainstream method is more 
inclined to the former. 

Clinical products have extremely high 
requirements on the source of raw materials. Many 
biological products of animal origin are generally 
unable to obtain clinical use licenses. These 
animal-derived products are likely to contain some 
potentially pathogenic microorganisms, contami-
nants, and allergens. Therefore, the serum-free 
medium is an industrial direction that has been 
vigorously developed in recent years. There are a 
variety of commercial serum-free medium products 
have been developed. However, different types of 
cells usually have varying requirements for the 
medium. More targeted development is required if 
special cell-derived exosomes are to be studied. 

The above descriptions are all important sources 

of exosomes related to wound healing. In addition, 
there are many other sources of exosomes. These 
exosomes often exhibit a strong ability to promote cell 
proliferation and may also be a potential therapeutic 
agent. 

Methods of exosome isolation 
Centrifuging, a heterogeneous mixture, sepa-

rates the particles according to their shape, size, and 
density. Denser or bigger particles settle first [37]. 
Preparative ultracentrifugation is classified into 
differential ultracentrifugation and density gradient 
ultracentrifugation. Exosome separation by ultra-
centrifugation typically involves several centrifu-
gation cycles with varied force and duration to isolate 
exosomes in a sample based on size and density. 
Ultrafiltration utilizes an ultrafine Nano-membrane 
with a distinct molecular weight cut-off (MWCO) to 
extract extracellular vesicles from cell culture medium 
or clinical samples and separate exosomes from 
co-vesicles based on their size [39]. Compared to 
ultracentrifugation, exosome isolation through 
ultrafiltration significantly reduces processing time 
and does not require specialized equipment, making 
it an excellent alternative to conventional ultracentri-
fugation [40]. Notably, ultrafiltration enables 
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researchers to select specified subsets of tiny 
extracellular vesicles (including exosomes) with 
predetermined particle sizes by readily altering the 
filter size [41]. 

Size-exclusion chromatography (SEC) was 
developed by Grant H.L. and Colin R.R. in 1955 [103]. 
A liquid sample is subjected to several fates after 
passing through a porous stationary phase. Larger 
molecules unable to pass through the stationary phase 
pores are trapped and released later. SEC is widely 
utilized for the high-resolution separation of large 
molecules such as polymers, proteins, and liposome 
particles [49, 50]. Both exosomes and liposomes share 
many physical features. The information gained 
through SEC-based liposome isolation may easily be 
used for exosome separation. Nowadays, companies 
have introduced commercial SEC kits built 
exclusively for exosome isolation in a short time. The 
revelation that certain proteins and receptors are 
expressed in all exosomes irrespective of origin 
enabled the development of immunoaffinity-based 
exosome extraction based on the binding specificity of 
such protein markers and their corresponding 
antibodies [55]. Theoretically, any protein or 
component of the cell membrane that is exclusively or 
predominantly present on the membrane of exosomes 
and does not have soluble equivalents in extracellular 

fluids might be employed to collect exosomes by 
immunoaffinity. Over the last few decades, numerous 
exosome markers have been identified, including heat 
shock, transmembrane, lipid-related, and fusion 
proteins [56, 57]. For selective exosome isolation, 
various transmembrane proteins have been widely 
explored [58, 59], enabling the development of 
popular exosome isolation kits, including Exosome- 
human CD63 isolation reagent (Thermofisher) and 
Abcam Exosome isolation and analysis kit [104]. 

Ideal method for exosome isolation 
An examination of the exosome literature 

published before 2015 showed that 81% of research 
utilized ultracentrifugation as an isolation method 
[105, 106]. However, between 2014 and 2017, the use 
and popularity of this traditional technique declined, 
most likely due to technological breakthroughs in 
exosome extraction that need less time and work 
(figure 3). Given the various isolation approaches 
stated above, each with advantages and limitations, 
EV researchers have not agreed on an optimum 
strategy.  None of these strategies are exclusively 
optimum for exosome isolation. Hence there is an 
understanding that an inclusive approach employing 
several techniques may generate the most significant 
results.  

 

 
Figure 3. Extracellular vesicle (EV) biogenesis, subpopulations, and conventional and novel methods of exosome isolation.  
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The Poly-Ethylene Glycol (PEG)-Based Precipi-
tation approach wraps exosomes in aqueous PEG [68], 
which facilitates the development of exosome 
aggregates. Due to the co-precipitation of 
non-exosomal soluble proteins, purity and specificity 
are lost. The final pellet from a PEG-based exosome 
extraction technique contains non-exosomal proteins, 
immunoglobulins, virus particles, immunological 
complexes, and other contaminants [26, 107]. 
Immunoprecipitating exosomes using exosome- 
specific markers such as CD9 or other tetraspanins 
from a PEG-based pellet can circumvent the lack of 
purity in the exosomal preparations but leads to 
"biased" isolation [107], e.g., isolating the CD9+ 
exosomal population while excluding the CD9– 
exosomes. Due to its non-specific mechanism, this 
approach isolates high-yield but low-quality 
exosomes. Combined with an immunoprecipitation 
technique, it can generate pure exosomal fractions. 

Recently, novel approaches have been used with 
various exosome extraction techniques to enhance the 
purity of exosomes [108, 109]. Dual-mode chromato-
graphy (DMC) was effectively employed to minimize 
the contamination of plasma exosome preparations 
with lipoprotein particles (LPPs) [109]. This method 
combines two separation processes: removing 
high-density lipoproteins (HDLs) by SEC and using 
cation exchange to separate positively charged LPPs 
from negatively charged exosomes. Another 
approach, Flu-SEC or F-SEC, combines SEC with 
fluorescence detection. SEC can be combined with 
detecting fluorescently-labeled exosomes to maximize 
exosome isolation using high-performance liquid 
chromatography and a fluorescence detector [108]. 
Further hybrid strategies that utilize both SEC with 
PEG and differential ultracentrifugation (dUC) can 
also be used. It is essential to remember that outside of 
EV research, SEC is a typical procedure for the 
purification and fractionation of peptides due to its 
excellent reproducibility and stability [110]. 

Methods for isolating exosomes are not 
standardized in terms of methodology. This gap has 
prompted the development of innovative strategies to 
enhance exosome extraction from various body fluids 
[111-113]. Currently, the ideal EV separation 
technique is determined by the quantity and nature of 
the starting material, the availability of specialized 
equipment, the planned therapeutic usage, the route 
of administration, and the desired final result. 
Considering the variety of exosome sources, 
developing an optimized technique for isolating 
exosomes from various samples would be 
advantageous. Researchers must balance the 
separated vesicles' purity, efficiency, and downstream 
uses. A combination methodology developed by 

thoroughly examining dUC, UF, PEG-based 
precipitation, immunoaffinity capture, microfluidics, 
and SEC techniques would be ideal. In addition to 
being unable to differentiate between exosomes and 
microvesicles of the same size, SEC-based exosome 
isolation techniques must avoid denaturation of the 
biological targets and control for unwanted 
electrostatic and hydrophobic interactions between 
the mobile phase containing the vesicles and the 
stationary, porous phase. Based on efficacy, reliability, 
repeatability, and usability, an SEC-coupled method 
for isolating exosomes with a high yield of 
homogeneous, intact exosomes seems ideal. 

Strategy to increase the yield of exosomes 
The conventional extraction methods usually 

yield only small quantities of exosomes. Such a low 
yield has impeded the growth of fundamental 
research into exosome analysis and its diverse 
applications. To combat this, several attempts have 
been undertaken to investigate upstream and 
downstream alterations to boost exosome production. 

The approaches now available for the extraction 
of exosomes are mostly based on their chemical, 
physical, and immunological features and have been 
modified from those used for extracting viruses and 
microvesicles. To present, only a handful of 
technologies and facilities were built specifically for 
exosome extraction [107, 114, 115]. However, 
modifications in exosome extraction procedures may 
affect not only exosome yield but also their size, 
structure, and biofunction [116]. Therefore, isolation 
methods must be carefully chosen depending on the 
objective of the research as well as the method and 
sample characteristics (table 1). Notably, with the 
integration of many approaches in a progressive way, 
the overall production of exosomes could be 
substantially enhanced. Similarly, strategies to 
increase the yield of exosomes can be developed by 
integrating various existing techniques. For example, 
using 3D microcarriers based suspension cultures 
may enhance the output of exosomes when specific 
soluble factors and/or bioactive microcarrier 
materials are introduced [117, 118]. In addition, whole 
or semi-artificial exosomes may be evaluated for mass 
manufacturing due to their relatively controlled 
composition and well-defined therapeutic pathways 
[119, 120]. Semi-artificial exosomes may enhance the 
function and yield of exosomes produced from stem 
cells. By co-incubating extracellular vesicles with 
drug-loaded liposomes (with or without PEG), it was 
possible to make a hybrid exosome with great cargo 
capacity, absorbability, and ability to target. This may 
ultimately result in improved therapeutic outcomes 
[114, 121]. 
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Liposomal stimulation may be an effective 
method for increasing exosome production. However, 
further preparation to improve exosome purity may 
be required. The liposome, an artificial vesicle 
consisting of lipids and cholesterol, is biocompatible 
and has a high drug-loading capability. Despite this, 
liposomes have limited clinical applications due to 
their undesirable immunogenicity and unsatisfactory 
stability, biocompatibility, targeting ability, and 
absorption [122, 123]. Integrating the benefits of 
exosomes and liposomes can mitigate these 
downsides substantially [124, 125]. In addition, it is 
possible to fine-tune the induced exosome's biological 
features by manipulating the stimulating liposomes' 
physicochemical parameters. In the future, by 
combining various portfolios of the aforementioned 
strategies, it could be possible to identify the ideal 
method for extracting desired quantity and quality of 
exosomes. 

Mechanism to regulate exosomes function 
during cutaneous wound healing 

When an injury occurs, not only does the skin's 
barrier function becomes compromised, but also 
sensitive to temperature, pain, and touch. Wound 
healing is a dynamic biological process commonly 
classified into four phases: inflammation, angio-
genesis, proliferation, and remodeling [133, 134]. In 
these respects, multi-cell type growth factors, 
enzymes, cytokines, and structural matrix proteins 
coordinate and control these processes [135]. Damage 
to the endothelium, exposure to the basement 
membrane, and subsequent blood component spillage 
are consequences of the initial injury. When the injury 
occurs, vasoconstriction is the initial response to the 
damage caused by prostaglandin and thromboxane 
production. 

Meanwhile, platelets attach to the exposed 
collagen and release their granule contents, while 
tissue factors stimulate platelets and coagulation 
cascades [136, 137]. Collagen, platelets, thrombin, and 
fibronectin-derived blood clots control haemorrhages 
and protect the wound by providing matrix and 
soluble components that promote adhesion [138]. 
Besides, dermal fibroblasts are a critical cell type in 
the normal wound-healing process [55]. The primary 
task of dermal fibroblast is the production of 
extracellular matrix (ECM), wound contraction, 
collagen synthesis, re-epithelialization, and tissue 
remodeling. The disruption and prolongation of the 
wound-healing process can cause scarring and poor 
healing quality [55]. It results in functional 
impairment and can negatively impact the patient's 
mental health. Therefore, minimizing healing time 
and scar formation after an injury is a crucial 
therapeutic need. 

Cutaneous scar formation results from the poor 
wound-healing process and involves a coordinated 
sequence of interactions involving cells, ECM 
components, and signaling molecules. Scar tissues 
exhibit typical characteristics of excessive ECM 
deposition and the absence of epidermal appendages 
such as sweat glands and hair follicles. ECM 
remodeling, specifically collagen synthesis and 
degradation, is the major molecular and cellular event 
contributing to scarring. Meanwhile, the transition of 
fibroblast into myofibroblast is also crucial. 
Numerous studies have demonstrated that the 
TGF-1/Smad signaling pathway is implicated in 
collagen production and fibroblast transformation 
into myofibroblast [139]. This section will briefly 
introduce the regulatory role of exosomes in ordinary 
wound healing (Figure 4). 

 

Table 1. Exosome isolation methods. 

Isolation technique  Principle Processing time Advantages Purity Recovery Reference 
Differential Centrifugation  Sedimentation rate 3–6 h • Low cost 

• Simple operation 
• Suitable for large-volume 

Low  5–20% [126, 127] 

Density gradient 
ultracentrifugation 

Density, size and shape 20–24 h • Simple operation High  10–40% [126] 

Precipitation methods Sedimentation rate 2–18 h • High throughput 
• Simple operation 

Low  5–30% [128] 

Ultrafiltration Size 1–3 h  • Simple operation 
• Portability 
• Capable of operating with low amount of 
sample 
• Low equipment cost 

Moderate ~30% [127, 129] 

Size-exclusion 
chromatography 

Size 1–2 h  • Intact structure of isolated exosomes 
• High selectivity 

Moderate 40–80% [129, 130] 

Immunoaffinity Surface marker expression 18–20 h  • High purity and selectivity 
• Specific exosomes isolation 

Very high >90% [131] 

Microfluidics-based 
techniques 

Surface marker expression, 
size, density, etc. 

1–3 h  • Providing higher resolution and sensitivity 
 

High 40–90% [132] 
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Figure 4. Role of exosomes in different stages of wound healing. 

 

Inflammatory phase 
Inflammation is the first of four wound-healing 

responses and begins within 24-48 hours after an 
ischemic. During the early stages of wound healing, 
hyperemia, serous exudation, leukocyte infiltration, 
and local redness and swelling are the early 
inflammation signs. Generally, a mild inflammatory 
response is helpful because it helps eliminate 
inflammatory factors, fight off infections, and clear 
cell debris, all of which aid in regenerating injured 
tissue. In contrast, a hostile inflammatory 
environment plays a significant role in developing 
chronic wounds [140]. 

Vasodilation and increased capillary permea-
bility cause edema during the inflammatory phase. 
Immune cells produced from bone marrow mediate 
essential processes in wound healing by removing 
pathogens, apoptotic cells, and cell debris [141]. 
Subsequently, neutrophils decompose waste and 
wounded tissues by secreting proteases and 
protecting the wound from microbial and pathogenic 
infections through oxygen-dependent processes. 
Meanwhile, local monocyte phagocytosis of apoptotic 
cells and cell debris is essential in maintaining tissue 
homeostasis [142]. Interestingly, CD4+ T cells have 
been found to promote wound healing, while CD8-T 

cells have a detrimental effect on wound healing 
[143]. Inflammation eventually increases the 
macrophage transition from M1 to M2 [144]. 

MSCs act as immunomodulatory factors and 
control inflammatory responses by releasing 
exosomes, thereby reducing the adverse effect of 
immune cell dysfunction on wound healing. The 
regulation of the inflammatory response is 
inextricably linked to exosomes containing a diverse 
array of proteins and RNAs. Recent research indicates 
that miR-223 is substantially expressed in exosomes 
derived from MSCs. By inhibiting the lipopolysac-
charide-induced TLR4 signaling pathway, the 
overexpression of miR-181c by hucMSC-exos reduces 
inflammation in a burn-induced rat model. The study 
revealed that exosome-derived miR-181c modulates 
inflammation [37]. It is worth noting that some 
substances can remarkably improve the paracrine 
impact of MSCs. Recently a study found that LPS 
pre-conditioned exosomes had a superior capability 
to reduce inflammation than unconditioned 
exosomes. It might be because let7b/TLR4 pathway is 
linked to macrophage polarization [145]. Addition-
ally, pretreatment of hucMSCs with interleukin-1 beta 
(IL-1β) increased the immunomodulatory effective-
ness, which was mediated in part via exosome-driven 
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miR-146a transfer (a well-known anti-inflammatory 
microRNA) [146]. These findings paved the way for 
new research avenues and implicational opportunities 
for exosomes in this domain of abnormal wound 
healing caused by inflammatory regulatory function. 

Angiogenesis 
Angiogenesis is a crucial phase in the healing 

process. Granulation tissue is structured or 
encapsulated with necrosis, thrombosis, and inflam-
matory exudates to facilitate keratinocyte migration, 
generating a new matrix that allows the migration of 
keratinocytes later in the healing process. An 
adequate blood flow toward the wound site offers 
nutrition, oxygen, and cell migration paths necessary 
for proper tissue regeneration. 

Numerous studies have revealed the 
angiogenesis-promoting potential of stem cell-derived 
exosomes [147]. For instance, multiple exosome- 
related investigations showed that conserved 
ADSC-secretome proteins are identified in a 
differentiating or pro-inflammatory stimulus [148, 
149]. Cell stimulation regulates the protein content of 
exosomes compared to parental cells. ADSC-exos may 
successfully decrease the ulcerated regions and 
enhance endothelial progenitor cell proliferation and 
angiogenesis in a high glucose environment, 
especially when ADSC-exos overexpress the trans-
cription factor Nrf2 [49]. A further study discovered 
that ADSC-released MVs include numerous 
microRNAs implicated in the proangiogenic action 
and target miR-31 in human umbilical vein 
endothelial cells (HUVECs). This work demonstrated 
the potential for stem cell-derived MVs in 
proangiogenic treatment [150]. Liang et al. found that 
MiR-125a was abundantly present in the ADSC-exos, 
which may transport miR-125a to endothelial cells, 
suppress the angiogenic inhibitor delta-like 4 (DLL4) 
expression, and alter endothelial cell angiogenesis by 
encouraging the development of endothelial tip cells 
[151]. These findings suggest that stem cell-derived 
exosomes might be a priority option for wound 
angiogenesis, but their protein composition needs 
further exploration to elucidate their angiogenesis 
capabilities. 

Proliferation phase 
Re-epithelization begins during the proliferative 

phase. The dermis relies on epithelial cells migrating 
from the wound edges and any surviving adnexal 
structures. This phase is often referred to as the 
development of new tissue. Additionally, epithelial 
cells began migrating from the edge to the wounded 
region to cover the wound surface, and then matrix 
proteins offered scaffold structures for cell attachment 

and healing. In order to repair the epithelial barrier, 
epithelial cells continue to migrate and proliferate. M2 
macrophages play a role in the migration and growth 
of keratinocytes and endothelial cells during tissue 
regeneration [152]. Fibroblasts start secreting a great 
deal of immature type III collagen into the matrix 
[153]. Similar to the essential role of miRNA in 
promoting angiogenesis, they also play a crucial role 
in the proliferation of fibroblasts. Choi et al. 
discovered that treating human dermal fibroblasts 
with ADSCs-exos enhanced the miRNA expression 
inside the fibroblasts and contributed to healing [154]. 
Simultaneously, miRNA chip analysis revealed that 
the expression of 292 distinct miRNAs was altered 
during the proliferation and differentiation of dermal 
fibroblasts, with 199 being up-regulated and 93 being 
down-regulated. 

Remodeling phase 
During the remodeling stage, the fibroblast 

continues to produce collagen [155, 156], and the level 
of collagen type III declines with time and is gradually 
replaced by collagen type I [157, 158]. A recent study 
found the MSC-exos dose-dependent effect on the 
migration and proliferation of normal and diabetic 
chronic wound fibroblasts. However, MSC- 
conditioned media-deficient exosomes did not impact 
the fibroblasts [148]. Hu et al. studied the effect of 
exosomes generated by ADSCs on skin wound 
healing and fibroblast activity using a rat model. In 
vitro tracking tests demonstrated that fibroblasts may 
internalize tagged ADSC-exos. Simultaneously, 
immunohistochemistry, Masson staining, and 
qRT-PCR analysis revealed ADSC-exos-stimulated 
Collagen I, PCNA, N-cadherin, cyclin-1, and III gene 
expression. Besides, the elastin protein synthesis is 
dramatically elevated in a dose-dependent manner, 
indicating that exosomes enhance wound healing in 
the early phases. 

Exosomes may hinder collagen synthesis in the 
later stages of wound healing. Interestingly, 
intravenous injection appears to have a much quicker 
and better impact on wound healing than local 
injection. Inguinal wounds (with a fat layer) healed 
more quickly and had a higher concentration of 
exosomes in the area surrounding the wound location 
than dorsal wounds (without a fat layer) [159]. Which 
component of exosomes contributes to this event? 
Recent advances indicate that ADSC-exos can induce 
HDF cell migration and angiogenesis during wound 
healing. It primarily depends on metastasis-associated 
lung adenocarcinoma transcript 1 (MALAT1), a 
lncRNA that typically works in the pre-RNA nucleus, 
splicing, and angiogenesis [160, 161]. Therefore, 
exosomal lncRNAs contribute significantly to their 
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therapeutic potential, including tissue repair and 
regeneration. 

Extracellular matrix remodeling might take two 
weeks to over a year to complete. The formation and 
remodeling of the extracellular matrix play a 
significant role in determining the degree of scarring 
throughout the remodeling phase of wound healing. 
In the later stages of wound healing, the apoptosis 
effector cells, the degradation of ECM by matrix 
metalloproteases, the replacement of collagen III with 
collagen I, and the production of additional ECM 
proteins have all been documented in the preclinical 
studies [162]. Pelizzo, G. (2018) investigated the 
effects of intradermal injections of ADSC-EVs and 
BMMSC-EVs in a cutaneous wound healing model in 
an experimental setting. After ADSC-exos inocula-
tion, it was possible to acquire well-regenerated tissue 
with a complete epithelial layer, dermal papillae, 
cutaneous annexes, and repaired connective matrix 
[163]. 

Interestingly, scarless healing transpires in the 
early embryonic development or midgestation 
phases. Thus, the ratio of collagen type III to type I 
and TGF-β3 to TGF-β1 is higher in fetal wound tissue. 
In vivo, ADSC-exos raised the ratios of collagen III to 
collagen I as well as TGF-β3 to TGF-β1, decreased 
fibroblast differentiation into myofibroblasts, and 
inhibited granulation tissue development compared 
to the control group. Exosomes also stimulated the 
ERK/MAPK pathway and raised the ratio of MMP3 
to TIMP1 in dermal skin fibroblasts, enabling scarless 
cutaneous healing through regulating ECM 
remodeling [139]. 

Application of exosomes in wound healing 
Exosomes' most attractive point is replacing 

stem cells with a new generation of biological 
treatment methods. Since the clinical application of 
stem cell therapy has just begun, there are no clinical 
trials of exosomes in wound healing. Existing 
exosome applications are mainly based on animal 
studies. These studies are based not only on 
mechanical injury wounds but also on injuries caused 
by many special factors, such as burns, diabetic ulcers, 
and radiation. The healing process for these injuries is 
more complex than for mechanical injuries. In this 
part, we will focus on the research progress of 
exosomes in non-mechanical injury. 

Burns 
Burns damage the skin and internal organs 

caused by thermodynamic changes, chemicals, and 
electricity. Patients with extensive burns are prone to 
infection and sepsis, and the key to treatment is to 
accelerate wound closure to reduce exposure to the 

environment [164]. Since stem cells significantly 
promote wound healing, exosomes' role in burn 
wound healing has also attracted attention [165, 166]. 
Previous studies have confirmed that exosomes can 
promote burn wound healing. Zhang et al. showed 
that hucMSC-exos promote wound healing via 
activating Wnt4/β-catenin signaling [43]. Burn- 
induced excessive inflammation is one major reason 
the tissues are difficult to heal. Li et al. demonstrated 
that hucMSC-exos could reduce excessive inflam-
mation at burn sites by modulating microRNA-181c 
[167]. These studies have confirmed that exosomes 
can promote the proliferation of skin cell populations, 
enhance cell viability, and reduce cell damage. 

Furthermore, compared to local damage caused 
by mechanical injury, the permeability of burns has a 
systemic effect on the body. RNA-sequencing-based 
studies have found that plasma exosome-derived 
microRNA profiles are altered after thermal injury, 
which may be an important cause of disordered skin 
gene expression in the early burn stage [168, 169]. 
Protein profiling-based studies have found that burns 
induce significant changes in serum exosomal protein 
function, altering enzyme inhibitor activity, 
heparin-binding, coagulation, and lipid transport 
[170]. Previous studies have demonstrated that 
exosomes have a systemic regulatory function [171]. It 
suggests that by restoring mRNA levels and protein 
functions, exosomes may promote the normal healing 
function of damaged tissues. 

Visceral injury is a common complication of 
burns and is closely related to the alteration of 
exosomes, and it will affect wound healing and 
rescue. Maintaining the normal physiological level of 
internal organs is also the key to wound healing. A 
study on vascular permeability found that serum 
exosomes containing S100A9 may be a key factor in 
promoting pulmonary microvascular hyperpermea-
bility [172]. Another study found that injection of 
hucMSC-exos attenuated burn-induced acute lung 
injury by mediating microRNA-451 [173]. These 
studies demonstrate that burn-induced exosome 
changes are the key to causing systemic damage, and 
stem cell exosomes can rescue internal organ injury. 
Unfortunately, there are few studies on exosomes for 
other visceral injuries, which may be an important 
direction for future burn research. 

Radiation 
Radiation is highly penetrating and can cause 

damage to both surface and internal tissues, including 
DNA damage and excessive cellular stress response. 
Radiation-induced damage is an important clinical 
problem that is difficult to solve [174-176]. Previous 
studies have demonstrated that exosomes are also 
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beneficial in treating radiation damage [177]. For 
example, ionizing radiation therapy can damage 
adjacent tissue, leading to serious wound 
complications. Local injection of rat plasma-derived 
exosomes into skin wounds created on the back of 
irradiated rats can be observed that exosomes 
modulate cell proliferation and ferroptosis in 
irradiated fibroblasts, thereby promoting wound 
healing [178]. Ultraviolet radiation causes skin 
damage through excessive inflammation and 
oxidative stress [83]. The hucMSC-exos can repair 
ultraviolet radiation and oxidative stress-induced skin 
damage through adaptive regulation of the Nrf2 
defence system [179]. A similar study also confirmed 
that hucMSC-exos alleviated UV- and H2O2-induced 
skin damage by modulating the SIRT1 pathway by 
delivering 14-3-3ζ protein [180]. Another ultraviolet 
radiation-based photoaging study revealed that 
exosomes derived from 3D-cultured human dermal 
fibroblasts have properties for the prevention and 
treatment of skin aging [181]. 

Diabetic ulcer 
A diabetic ulcer is one of the common 

complications of diabetes, the incidence of which 
accounts for about 20% of diabetic patients [182-184]. 
Diabetic ulcers are difficult to heal, and patients with 
severe ulcers even require amputation, bringing 
physical and economic burdens [74, 185, 186]. 
Currently, there is a lack of effective treatment drugs, 
and the most effective method is nursing 
management. Stem cells and exosomes hold promise 
for diabetic ulcer treatment. 

A variety of stem cell-derived exosomes has been 
shown to contribute to the recovery of diabetic 
wounds [187]. For example, ADSC-exos promote 
angiogenesis and tissue regeneration by regulating 
inflammation, oxidative stress, and cytokine levels 
[49, 188]. Platelet-rich plasma exosomes improve 
angiogenesis and re-epithelialization in chronic 
wounds by inducing the proliferation and migration 
of endothelial cells and fibroblasts by activating YAP 
signaling [189]. EPC-derived exosomal microRNA- 
221-3p promotes wound healing [93, 96]. Human 
circulating fibroblast exosomes promote wound 
healing by modulating angiogenesis, anti-inflam-
matory, and collagen synthesis [190]. Menstrual 
blood-derived MSC-exos reduce scarring and 
improve non-healing wounds by modulating macro-
phage polarization [191]. The iPSC-exos can accelerate 
wound closure [101]. Persistent inflammation is also 
one of the reasons why diabetic ulcers are difficult to 
heal. Injection of RAW264.7 macrophage-derived 
exosomes can exert anti-inflammatory effects by 
inhibiting the secretion of pro-inflammatory enzymes 

and cytokines, thereby inducing endothelial cell 
proliferation and migration, promoting angiogenesis 
and re-epithelialization, and accelerating diabetic 
wound healing [192]. 

Moreover, wound healing can be further 
accelerated by genetically modified stem cell 
exosomes [49, 193-195]. Conversely, not all stem cell 
exosomes promote wound healing. BMMSC-exo, 
while promoting cell proliferation, does not affect 
angiogenesis and wound healing [57]. However, 
BMMSC-exo pretreated with deferoxamine activates 
the PI3K/AKT signaling pathway through the 
miR-126-mediated down-regulation of PTEN, thereby 
promoting angiogenesis and wound healing in 
diabetic rats [58]. These studies provide a new idea 
for cell-free therapy to treat diabetic chronic wounds. 

Eczema 
Eczema is a skin inflammatory reaction caused 

by various internal and external factors accompanied 
by severe itching. There is currently no cure for 
eczema; treatment and life management can relieve 
itching and prevent a recurrence. Disturbances in 
immune regulation affect wound healing, possibly 
causing hypertrophic scarring or inhibiting tissue 
regeneration [196, 197]. Treatment of eczema 
combined with wounds is a tedious process. Fortu-
nately, exosomes have both the functions of 
regulating immunity and promoting wound healing. 
Studies based on an eczema wound model showed 
that hucMSC-exos accelerated wound healing in mice 
by inhibiting inflammatory cell infiltration and 
promoting angiogenesis [198], demonstrating the 
pleiotropic advantage of stem cell exosomes in the 
treatment of complex wounds. 

Other chronic wounds 
In addition to these complex wounds, many 

other chronic wounds are poorly studied, such as 
venous leg ulcers and pressure ulcers. Persistent 
inflammation is an important feature of chronic 
wounds. It is manifested by increased enzymatic 
activity, dysregulated cytokines, suppressed angio-
genesis, reduced wound re-epithelialization, and an 
imbalance in the proportion of immune cells [199]. 
Stem cell exosomes have excellent effects in restoring 
cell function and promoting tissue regeneration. It is 
likely to be a potential drug for addressing these 
chronic wounds. 

The development direction of engineered 
exosomes 

Engineered exosomes 
After all, the exosome is a carrier, and the 

internal substrates play their biological role. To 
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improve the therapeutic effect of exosomes, we can 
change the substrates and their levels. The most com-
mon approach is to increase substrate concentration 
by genetically engineering overexpression, such as 
knock-in/knock-out DNA fragments and transfer 
plasmids. For example, synovial mesenchymal stem 
cells (SMSCs) can only promote fibroblast 
proliferation but not angiogenesis. It's known that 
miR-126 promotes angiogenesis by enhancing the 
expression of fibroblast and vascular endothelial 
growth factors. Thus, by upregulating miR-126-3p 
levels through gene overexpression technology, 
SMSCs can simultaneously facilitate fibroblast 
proliferation and angiogenesis, resulting in accele-
rated diabetic wound healing [28]. Besides miRNA, 
increasing the content of growth factors is also an 
effective way. 

Another approach is to pretreat 
exosome-producing cells to alter exosome properties. 
Several studies have shown that the pretreatment of 
MSCs with drugs, cytokines, and physical factors can 
enhance the effect of MSCs and their exosomes in 
promoting tissue regeneration [71, 200-207]. The 
pretreatment method is technically more straight-
forward, safer, and more universal than genetically 
engineered exosomes. Therefore, engineered 
exosomes are likely to become a hot spot in the 
treatment of wounds in the future. 

Drug-loaded materials 
After the wound is healed, a closed scab will be 

formed, making it difficult for drugs to penetrate. As a 
drug carrier, exosomes usually exist for a short time. 
Making exosomes play a long-term and stable effect 
can solve the problem of sustained drug release. 
Fortunately, advances in materials science have 
provided solutions to these difficulties. For example, 
chitosan is widely used for drug delivery and 
accelerating wound closure, but its ability to promote 
the recovery of sub-epidermal tissue is not good 
enough [208]. When making a chitosan hydrogel 
wound dressing containing exosomes, the dressing 
contained the dual properties of both chitosan and 
exosomes. Both the speed and quality of wound 
healing have been improved [28, 209]. Moreover, 
more ingredients can be added to the composite to 
enhance the therapeutic effect further. 

Composite materials 
The drug-loaded material is suitable for ordinary 

wounds, and the effect on complex wounds needs 
further improvement. For example, in diabetic ulcers, 
it is difficult for ordinary drug-loaded materials to 
promote their healing. The exosome-containing 
composite materials for such wounds are the most 

numerous. Shiekn et al. have developed a material for 
promoting the healing of diabetic ulcers [210]. The 
material contains various components and functions, 
including a gel matrix that promotes cell migration, 
an elastomeric antioxidant polyurethane (PUAO) that 
attenuates oxidative stress, a calcium peroxide-PUAO 
cryogels that continuously releases oxygen, and 
ADCS-exos that promote tissue angiogenesis and 
collagen expression. In addition to these ingredients, 
antibacterial agents and growth factors can be added 
to increase efficacy further (160) (figure 5). There are 
many similar studies and materials on why diabetic 
ulcers are difficult to heal. Mixing a variety of 
substances allows multiple effects, and finally, the 
purpose of the diabetic wound is achieved. 

Targeting therapy 
Exosomes are mainly used as a dressing for 

wound treatment. However, for complex wounds 
such as burns, complications can also be alleviated by 
intravenous injection of exosomes. How to improve 
its targeted therapy ability is a way to improve 
efficacy and reduce the dosage. The current methods 
to improve the targeting of exosomes include 
combining with materials and using exosomes 
derived from special cells [212-214]. For example, 
using macrophage-derived exosomes as carriers to 
deliver drugs to lesion areas [215]. It mainly exploits 
the properties of injured tissue to release chemokines 
and cytokines to recruit macrophages for aggregation. 

In addition, exosomes can be used to deliver 
genetic, western, and traditional Chinese medicines, 
reducing the number of drugs and side effects 
[216-218]. However, certain tissues, such as the 
blood-brain barrier, prevent drugs from penetrating, 
reducing drug efficacy. Using the homing features of 
macrophages to combine the modification of homing 
peptides can increase the exosome homing and 
penetration ability [122, 219]. 

Responsive biomaterials 
Irregular wounds reduce the fit of the dressing 

and thus reduce the drug's effectiveness. One study 
suggested that thermosensitive materials, such as 
Pluronic F-127 hydrogel in liquid form at low 
temperature and semi-solid gel at high temperature, 
could improve dressing fit [220]. The therapeutic 
capacity was effectively enhanced by mixing Pluronic 
F-127 hydrogel with exosomes. Compared with the 
exosome or hydrogel treatment, the mixed dressing 
significantly improved the healing speed of diabetic 
ulcers. In addition, pH, light, electricity, ultrasound, 
and magnetic field-responsive biomaterials have all 
been developed, providing directions for future 
responsive composite development [221]. 
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Figure 5. Schematic diagram of an exosome-combined multifunctional dressing for diabetic wound repair. This study synthesized a composite material 
containing F127-PEI, APu, Multifunctional FEP Scaffold Dressing, and exosomes. The dressing has multifunctional properties such as efficient antibacterial/resistant bacteria, rapid 
hemostasis, self-healing, tissue adhesion, and good UV shielding properties. This provides a typical research idea for the application of engineered exosomes in complex wound 
repair. This picture is reprinted with permission from [211]. Copyright 2022 American Chemical Society. 

 

 
Figure 6. The potential application of exosomes in wounds. 

 

The potential application of exosomes in 
wounds  

Exosomes not only can be used to promote 
wound repair, but there are also many trauma-related 

points that have not been taken seriously (figure 6). 
This section describes these potential applications. 

Skin graft 
Skin grafting is a common technique for wound 
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treatment. Although technologies such as micro-skins 
and artificial skins have been developed to reduce the 
risk of insufficient donor skin in patients, poor graft 
survival and immune rejection remain critical issues 
[222]. Recent studies have confirmed that stem cells 
and their exosomes can effectively increase the 
survival rate of transplanted organs and decrease the 
foreign body response [13, 223-225]. However, these 
studies are more focused on the role of exosomes in 
promoting tissue regeneration, and there are still few 
studies on immune responses. Modified exosomes 
could boost skin transplant survival by lowering 
immunological rejection. However, only a few studies 
provided evidence of that [226, 227]. Undoubtedly, 
reducing immune rejection by injecting or modifying 
exosomes may become a key to the future treatment 
of patients who require skin grafts. 

Complications 
Clinically, the treatment of small-area trauma is 

relatively easy. The difficulty lies in treating severe 
trauma and its complications. Because of the lack of a 
skin barrier system, severe trauma patients often risk 
sepsis/systemic inflammatory response syndrome 
(SIRS)/cytokine storm due to infection [228, 229]. If 
the infection worsens, patients will likely die from 
multiple organ dysfunction syndromes [230]. In the 
course of treatment, antibacterial and dialysis are the 
keys to preventing the onset of SIRS. Thanks to the 
development of these two technologies, the incidence 
of SIRS in patients with severe trauma and burns has 
been greatly reduced. Despite this, recent studies have 
shown that patients are still more likely to develop 
internal organ failure after discharge than the general 
population [231], which may be related to persistent 
inflammation [232, 233]. Therefore, it is necessary to 
find new drugs to balance immune regulation, both in 
terms of short-term and long-term treatment. 

The role of stem cells and their exosomes in 
regulating the systemic immune system has been 
widely recognized and is an extremely promising 
drug [234]. Unfortunately, exosomes and engineered 
exosomes have been poorly studied in trauma 
complications. We draw on other studies to discuss 
the potential value of exosomes in trauma 
complications. For example, MSC-exos can modulate 
the lung immune microenvironment by inhibiting the 
expression of pro-inflammatory factors, promoting 
the expression of anti-inflammatory factors, and 
balancing the differentiation of T cells, thereby 
reducing SIRS and lung injury caused by infection 
[235-237]. Acute kidney injury (AKI) is also a common 
complication of sepsis. Tubular epithelial cell-derived 
exosomes (exosomal miRNA-19b-3p) reduce LPS- 
induced AKI by suppressing inflammatory factors 

expression and macrophage M1 subtype activation 
[238]. Furthermore, due to the COVID-19 epidemic, 
stem cells and their exosomes' role in treating SIRS 
has gained widespread attention [239]. Numerous 
studies have confirmed the role of exosomes in 
diagnosing and treating SIRS. It can be seen that the 
mechanism of exosomes in the treatment of 
SIRS-induced multiple organ failure involves 
anti-inflammatory, antioxidant, and regulation of key 
gene expression to inhibit cell damage and promote 
tissue regeneration.  

Biomarkers 
Severe trauma has the potential to cause multiple 

complications or exacerbate pre-existing conditions. 
Exosomes are extremely promising targets for liquid 
biopsy diagnostics [240]. For example, in LPS-induced 
liver injury, LPS elevates the expression of exosomal 
miR-103-3p by activating macrophages, thereby 
leading to liver fibrosis by activating KLF4 [241]. 
Similarly, abnormal levels of exosomal miRNAs in 
patients with sepsis are associated with liver injury, 
circulatory injury, and central nervous system injury 
[234]. It indicates that healthy exosomes have 
therapeutic effects, while patient-derived exosomes 
can be used to diagnose sepsis complications. Thus, in 
some cases, exosomes can be used as biomarkers for 
diagnosing trauma complications. At present, there 
are few studies in this area, and it is also a potential 
research direction.  

Clinical studies of exosome therapy for 
wounds, related diseases, and applications 

All of the above presentations illustrate 
exosomes' diagnostic and therapeutic potential in 
wounds, complex wounds, and associated 
complications. Exosomes demonstrate good potential 
for clinical application, having similar efficacy to that 
of derived cells providing an alternative means of 
cell-free therapy. It has to be said that stem cell clinical 
therapies are only taking shape, with more products 
in the pipeline but few being registered by the 
government for filing. And exosomes, as a new 
product, are still in their early stages. There are many 
animal studies and few clinical studies. There are not 
many references in wound therapy. 

There are fewer clinical studies on wound 
treatment. For example, Kwon et al. demonstrated 
that ADSC-exos significantly improved the results of 
CO2 laser treatment of acne scars, including reduced 
scarring, post-treatment pain, dryness, edema, and 
erythema [242]. Exosomes have been studied not 
infrequently in treating visceral injuries but remain 
limited. Perhaps due to ethical and safety 
considerations, more exosome-related clinical studies 
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have focused on biomarkers and drug carriers. This 
suggests that there are still many research fields that 
deserve to be explored. 

In contrast, exosomes are more frequently used 
as biomarkers in clinical studies. Wang et al. found 
that miRNAs of exosomes in the peripheral blood 
circulation of kidney transplant recipients with 
delayed graft function were altered, with hsa-miR- 
33a-5p_R-1, hsa-miR-98-5p, and hsa-miR-151a-5p 
being significantly upregulated [243]. Sun et al. found 
that urinary exosomal CD63 levels were significantly 
elevated in diabetic nephropathy patients with early 
kidney injury and then significantly declined after 
treatment with alpha-lipoic acid, suggesting not only 
that CD63 in urinary exosomes could be a biomarker 
of efficacy but also a potentially important therapeutic 
target [244]. 

Another exciting study demonstrates the 
feasibility of exosomes as delivery vehicles. Baier et al. 
found that exosomes in milk prevented the 
degradation of substrate miRNAs, thus delivering 
them into the blood of the drinker and thus exerting 
physiological effects on the body [245]. Two other 
studies found that nebulised ADSC-exos and 
hucMSC-exos could treat COVID-19-induced 
pneumonia [246, 247]. These studies provide new 
references for the role of exosomes and the mode of 
delivery. 

Potential adverse effects and challenges of 
exosomes in clinical application 

Stem cell exosomes are considered a safe 
therapy, but this concern has not been substantiated 
in preclinical and clinical trials. Some studies still 
have found adverse shreds of evidence and raised 
concerns. For example, the safety of the donor source 
of the exosome, the population for which the recipient 
is suitable, the immunogenicity of the allogeneic cells, 
the quality control of manufacture, and the cost of 
production. This section will discuss these issues and 
suggest possible solutions. 

Tumorigenic risk 
Although exosomes, as a non-cellular substance, 

do not directly transform into tumors, this does not 
mean that exosomes do not risk promoting tumor 
formation. For example, multiple myeloma (MM)- 
BMMSC exosomes promote MM tumor cell growth, 
whereas normal BMMSC exosomes inhibit MM tumor 
cell growth in vivo and in vitro [248]. MM-BMMSC 
exosomes are also found to accelerate tumor cell 
dissemination and metastasis. Gastric cancer-based 
studies have shown that stem cell exosomes have the 
potential to accelerate tumor growth and angiogenesis 
[249]. 

Conversely, another study has yielded the exact 
opposite results [250]. All of these studies show that 
the source and target of exosomes determine their 
safety in clinical use. It should be ensured that 
exosomes' source and application subjects are not 
cancer patients. At the same time, testing 
standards/biomarkers for the safety assessment of 
tumorigenesis should be developed. 

Immunogenicity 
Immunogenicity is an unavoidable topic in 

biotherapy. Many allogeneic transplant recipients 
have had to use immunosuppressants for long 
periods to reduce immune activity, which has affected 
the body's normal immune system while ensuring the 
survival of the graft. As stem cells have become better 
understood, it has been found that MSCs derived 
from umbilical cords generally have low immuno-
genicity, which is why umbilical cord-derived MSCs 
are currently the most recorded product for clinical 
research. Theoretically, exosomes have low immuno-
genicity, primarily when derived from hucMSC, 
which have already low immunogenicity. Therefore, 
when designing drugs, researchers preferentially 
select cells with low immunogenicity as the source of 
exosomes. Fortunately, at present, we have not heard 
that there is a severe problem of immune rejection in 
the study of exosomes. 

However, low immunogenicity does not mean 
that it is not present. For example, membrane proteins 
from cells in the exosome membrane, conformation, 
glycosylation and polymorphism of proteins in the 
substrate, impurities and stabilisers in production, 
and route and frequency of administration. It requires 
producers to establish complete production and 
quality control standards and analyze immuno-
genicity under government authorities' requirements. 

Production standards and quality control 
The biological functions of exosomes are 

achieved by transporting the substrates they contain, 
such as nucleic acids, proteins, and lipids. If the 
contained substance deviates from the normal level, it 
may cause unpredictable effects. For example, the 
plasma of pulmonary embolism patients contains 
up-regulated microRNA-28-3p [251], which was also 
detected in serum exosomes [252]. If exosomes 
contain up-regulated microRNA-28-3p, it will 
aggravate the apoptosis of pulmonary endothelial 
cells [253]. In addition, exosomes may cause 
untargeted cell growth. For example, inoculation of 
BMMSCs into infarcted myocardium induces cardiac 
sympathetic nerve sprouting [254]. BMMSCs 
exosomes may also have similar adverse effects. These 
studies suggest that stem cell exosomes require 
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extensive preclinical evaluation before clinical 
application. 

In addition, cell senescence is inevitable in 
culture. Generally speaking, stem cells will decline in 
physiology and function after 3-5 generations of 
culture, and the substrate of exosomes will also 
change. To avoid these impacts, manufacturers need 
to establish production standards and quality control 
systems, which not only avoid excessive variables 
during production but also ensure the stability of the 
final products. 

Cost 
Side effects are an inevitable topic for all medical 

technologies, but the cost is the real key to their 
popularity. The issue of cost control is currently 
present with exosomes. 

The first issue is the source of the cells. The 
efficacy of normal cells constantly decays in culture, 
and the substrate and effectiveness of the secreted 
exosomes change accordingly. The efficacy of normal 
cells constantly decays in culture, and the substrate 
and efficacy of the secreted exosomes vary 
accordingly. For this reason, new sources of cells, such 
as umbilical cords, have to be found repeatedly. This 
process is labour-intensive, time-consuming, and 
costly regarding raw materials. 

The second issue is cell culture and exosome 
isolation. Currently, the cost of cell culture is 
relatively stable, and the main problem is that the 
yield of exosomes is too low. Repeated cell cultures 
are too costly if sufficient quantities of exosomes are 
to be obtained for therapeutic use. 

A third issue is a preservation. Although 
exosomes prevent substrate degradation, they are still 
inherently unstable and can be stored for a minimal 
time after secretion. To ensure efficacy, freshly 
harvested exosomes are often used in studies. This 
limitation also requires that the place of production is 
not too far away from the site of use to avoid any loss 
of efficacy during transportation. 

Solutions 
Bioengineering techniques can solve all the 

mentioned issues. Bioengineering can be used not 
only to modify cells and exosomes but is also an 
excellent approach to maintaining stable production 
systems. For example, genetic modification tech-
niques are used to generate regular immortalised cells 
(cell factories), which avoids the difficulties of cell 
source, cell stability, and immunogenicity, and also 
allows for higher yields and lower costs. In addition, 
three-dimensional cell culture systems are gradually 
maturing, facilitating the consistent and stable 
manufacture of exosomes and can further reduce 

costs. On the other hand, enterprises need to develop 
proper production standards and quality control 
systems, and regulators need to develop relevant laws 
and regulations. 

Prospectives of exosome-based wound healing 
In the medical discipline of traumatology, poor 

healing of cutaneous wounds is a prevalent issue. The 
utilization of standard therapeutic modalities, such as 
chemical molecule therapeutics and conventional 
dressings, has not been able to produce adequate 
results due to the complex pathophysiological 
processes of wound healing. In recent years, 
conclusive data has demonstrated that exosomes offer 
significant therapeutic potential for wound healing 
and regeneration. The overall aim of exosome 
utilization is to obtain clinical therapeutic benefits; 
however, there is still a long way to go. Firstly, the 
inadequate generation of exosomes is the most 
significant issue. Conventional methods for extracting 
and purifying exosomes are highly complicated. Some 
newly discovered approaches, such as EXODUS [255], 
can provide rapid, high-purity, and high-yield 
extraction of exosomes from biofluids. Similarly, more 
efficient procedures must be developed for exosomes' 
high-purity and high-yield extraction. Secondly, there 
are no standard criteria for vesicle size, purity, 
contamination levels, or the detection of particular 
biomarkers. Exosomes have not been subjected to a 
proteome study, nor have strategies been established 
to differentiate exosomes depending on the cell 
source. Last but not least, safety must be the 
foundation of all clinical applications. However, 
research evaluating the safety of exosome-based 
therapeutics is still in its infancy, and numerous 
questions remain unanswered. Exosomes require 
research to establish the appropriate dosage range for 
safe clinical use. 

MSC-exos have demonstrated favorable effects 
on cutaneous wound healing in animal studies and 
pre-clinical trials; however, evidence from clinical 
research on exosomes and cutaneous wound healing 
is currently insufficient. Excitingly, several meta- 
analyses suggest that MSC-exos are a prospective and 
promising treatment for numerous acute and chronic 
disorders, including cutaneous wounds in pre-clinical 
investigations [256-258], highlighting the anti-inflam-
matory and anti-trauma properties of MSC-exos. This 
increases the likelihood of a successful clinical 
translation of MSC-exos for cutaneous wound 
healing. The fact that acne scars treated with human 
ADSC-exos and fractional CO2 laser showed superior 
improvement than the control-treated group in a 
randomized double-blind controlled clinical study by 
Kwon et al. provided further evidence that 
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ADSC-exos had synergistic therapeutic effects on 
clinical therapies for atrophic acne scars [242]. As a 
result, the potential for MSC-exos to be successfully 
translated into clinical practice is promising. 

Improving the therapeutic effectiveness of 
MSC-exosomes is a goal to pursue once they have 
been implemented in clinical settings. Using 
exosomes in conjunction with biomaterials is one 
strategy for achieving a synergistic effect. Exosomes 
play a crucial role in nearly every wound healing and 
repair step. For instance, they control inflammatory 
responses, encourage cell migration and proliferation, 
increase angiogenesis, and control ECM remodelling. 
A recent study by Wang and colleagues described 
using methylcellulose-chitosan hydrogels loaded with 
exosomes to treat severe wounds under diabetic 
conditions [259]. The hydrogels created an environ-
ment conducive to cell growth and ECM remodelling 
by acting as three-dimensional porous scaffolds. 
Specifically, based on the hydrogels, exosomes might 
be released sustainably over a lengthy period of time 
and exert long-lasting therapeutic effects for 
improved efficacy. Exosomes can be used in a wider 
variety of contexts because of the versatility afforded 
by biomaterial transformation. For example, when 
applied to diabetic wound models, MSC-exosome in 
combination with hydrogel and adhesive UV 
shielding exosome-releasing dressing produced more 
significant therapeutic benefits on wound healing and 
skin reconstruction [211, 220]. Despite this, the 
therapeutic implementation of hydrogel-based 
delivery methods in vivo still confronts several 
obstacles. For instance, leftover crosslinkers or 
hydrogel components might have side effects that 
need further study. It is possible for pH- or 
temperature-sensitive hydrogels to undergo uncon-
trollable cross-linking, which can block the needle 
during injection. To prevent early gel formation, it is 
vital to adjust the conditions under which the gel 
develops. Moreover, the in vitro established release 
patterns of hydrogel-based delivery methods may not 
be appropriate for in vivo applications. It is still 
necessary to investigate the impact of the in vivo 
microenvironment on delivery efficiency.  

Exosome characteristics, such as their contents or 
the activities of their surface molecules, can also be 
bioengineered. The targeted therapeutic molecules 
(such as miRNAs or therapeutics) can be loaded into 
exosomes in order to provide exogenous effectiveness 
[194]. Additionally, the surface of exosomes can be 
changed with functional molecules, such as aptamers, 
to facilitate the transfer of altered exosomes to target 
areas when supplied systemically or locally, hence 
enhancing therapeutic efficacy. Combining the 
aforementioned systems will improve exosomes' 

therapeutic effectiveness in cutaneous wound healing 
and regeneration. 

Conclusions 
In conclusion, exosomes have shown a pivotal 

role in promoting wound healing and skin regene-
ration by inducing the release of anti-inflammatory, 
antioxidant, anti-apoptotic, and pro-angiogenic 
mediators. Meanwhile, exosomes are promising to 
replace stem cells as a new generation of biological 
drugs. Moreover, exosome therapy has emerged as a 
pioneering cell-free treatment option, avoiding the 
issues of the immediate utility of MSCs. However, the 
scale of production and cost, preservation, and 
delivery strategies limit their clinical application. 
Further, there is an urgent need to define robust, 
reliable efficacy tests to determine the efficacy of 
exosome-based therapies. 

Acknowledgments 
The authors thank all the laboratory colleagues. 

Funding 
This work was supported by the China 

Postdoctoral Science Foundation (No. 2018M630141), 
Shenzhen Postdoctoral Research Grant (50820191286), 
Guandong Provincial Key Clinical Specialty-Burn 
Surgery (2000004), The Key Basic Research Project of 
Shenzhen Science and Technology Program 
(JCYJ20200109115635440), and Shenzhen Science and 
Technology Innovation Commission (JCYJ20220530 
150412026). 

Author Contributions 
All authors contributed to the writing. All 

authors have read and agreed to the published 
version of the manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Chen H, Wang L, Zeng X, Schwarz H, Nanda HS, Peng X, et al. Exosomes, a 

New Star for Targeted Delivery. Front Cell Dev Biol. 2021; 9: 751079. 
2. Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal Stem Cell-derived 

Extracellular Vesicles: Toward Cell-free Therapeutic Applications. Mol Ther. 
2015; 23: 812-23. 

3. Bian D, Wu Y, Song G, Azizi R, Zamani A. The application of mesenchymal 
stromal cells (MSCs) and their derivative exosome in skin wound healing: a 
comprehensive review. Stem Cell Res Ther. 2022; 13: 24. 

4. Hu P, Yang Q, Wang Q, Shi C, Wang D, Armato U, et al. Mesenchymal stromal 
cells-exosomes: a promising cell-free therapeutic tool for wound healing and 
cutaneous regeneration. Burns Trauma. 2019; 7: 38. 

5. Zhang Z-W, Wei P, Zhang G-J, Yan J-X, Zhang S, Liang J, et al. Intravenous 
infusion of the exosomes derived from human umbilical cord mesenchymal 
stem cells enhance neurological recovery after traumatic brain injury via 
suppressing the NF-κB pathway. Open Life Sciences. 2022; 17: 189-201. 

6. Cho JA, Yeo DJ, Son HY, Kim HW, Jung DS, Ko JK, et al. Exosomes: a new 
delivery system for tumor antigens in cancer immunotherapy. Int J Cancer. 
2005; 114: 613-22. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

1450 

7. Malhotra P, Shukla M, Meena P, Kakkar A, Khatri N, Nagar RK, et al. 
Mesenchymal stem cells are prospective novel off-the-shelf wound 
management tools. Drug Deliv Transl Res. 2022; 12: 79-104. 

8. Liu G, Zhou Y, Zhang X, Guo S. Advances in hydrogels for stem cell therapy: 
regulation mechanisms and tissue engineering applications. J Mater Chem B. 
2022; 10: 5520-36. 

9. Henriques-Antunes H, Cardoso RMS, Zonari A, Correia J, Leal EC, 
Jiménez-Balsa A, et al. The Kinetics of Small Extracellular Vesicle Delivery 
Impacts Skin Tissue Regeneration. ACS Nano. 2019; 13: 8694-707. 

10. Ojeh N, Pastar I, Tomic-Canic M, Stojadinovic O. Stem Cells in Skin 
Regeneration, Wound Healing, and Their Clinical Applications. Int J Mol Sci. 
2015; 16: 25476-501. 

11. Zhang W, Hu J, Huang Y, Wu C, Xie H. Urine-derived stem cells: applications 
in skin, bone and articular cartilage repair. Burns Trauma. 2021; 9: tkab039. 

12. Zhao B, Zhang Y, Han S, Zhang W, Zhou Q, Guan H, et al. Exosomes derived 
from human amniotic epithelial cells accelerate wound healing and inhibit 
scar formation. J Mol Histol. 2017; 48: 121-32. 

13. Shi H, Wang M, Sun Y, Yang D, Xu W, Qian H. Exosomes: Emerging Cell-Free 
Based Therapeutics in Dermatologic Diseases. Front Cell Dev Biol. 2021; 9: 
736022-. 

14. Konala VB, Mamidi MK, Bhonde R, Das AK, Pochampally R, Pal R. The 
current landscape of the mesenchymal stromal cell secretome: A new 
paradigm for cell-free regeneration. Cytotherapy. 2016; 18: 13-24. 

15. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and 
friends. J Cell Biol. 2013; 200: 373-83. 

16. Li C, Donninger H, Eaton J, Yaddanapudi K. Regulatory Role of Immune 
Cell-Derived Extracellular Vesicles in Cancer: The Message Is in the Envelope. 
Front Immunol. 2020; 11: 1525. 

17. Simpson RJ, Jensen SS, Lim JW. Proteomic profiling of exosomes: current 
perspectives. Proteomics. 2008; 8: 4083-99. 

18. Cunnane EM, Weinbaum JS, O'Brien FJ, Vorp DA. Future Perspectives on the 
Role of Stem Cells and Extracellular Vesicles in Vascular Tissue Regeneration. 
Front Cardiovasc Med. 2018; 5: 86. 

19. Wang M, Wu P, Huang J, Liu W, Qian H, Sun Y, et al. Skin cell-derived 
extracellular vesicles: a promising therapeutic strategy for cutaneous injury. 
Burns Trauma. 2022; 10: tkac037. 

20. Ma L, Li Y, Peng J, Wu D, Zhao X, Cui Y, et al. Discovery of the migrasome, an 
organelle mediating release of cytoplasmic contents during cell migration. Cell 
Res. 2015; 25: 24-38. 

21. Jiang D, Jiang Z, Lu D, Wang X, Liang H, Zhang J, et al. Migrasomes provide 
regional cues for organ morphogenesis during zebrafish gastrulation. Nat Cell 
Biol. 2019; 21: 966-77. 

22. Fan C, Shi X, Zhao K, Wang L, Shi K, Liu YJ, et al. Cell migration orchestrates 
migrasome formation by shaping retraction fibers. J Cell Biol. 2022; 221. 

23. Jiao H, Jiang D, Hu X, Du W, Ji L, Yang Y, et al. Mitocytosis, a 
migrasome-mediated mitochondrial quality-control process. Cell. 2021; 184: 
2896-910.e13. 

24. Liu C, Yang Y, Wu Y. Recent Advances in Exosomal Protein Detection Via 
Liquid Biopsy Biosensors for Cancer Screening, Diagnosis, and Prognosis. 
Aaps j. 2018; 20: 41. 

25. Moura SL, Martín CG, Martí M, Pividori MI. Electrochemical immunosensing 
of nanovesicles as biomarkers for breast cancer. Biosens Bioelectron. 2020; 150: 
111882. 

26. van Niel G, Raposo G, Candalh C, Boussac M, Hershberg R, Cerf-Bensussan 
N, et al. Intestinal epithelial cells secrete exosome-like vesicles. 
Gastroenterology. 2001; 121: 337-49. 

27. Hsu DH, Paz P, Villaflor G, Rivas A, Mehta-Damani A, Angevin E, et al. 
Exosomes as a tumor vaccine: enhancing potency through direct loading of 
antigenic peptides. J Immunother. 2003; 26: 440-50. 

28. Tao SC, Guo SC, Li M, Ke QF, Guo YP, Zhang CQ. Chitosan Wound Dressings 
Incorporating Exosomes Derived from MicroRNA-126-Overexpressing 
Synovium Mesenchymal Stem Cells Provide Sustained Release of Exosomes 
and Heal Full-Thickness Skin Defects in a Diabetic Rat Model. Stem Cells 
Transl Med. 2017; 6: 736-47. 

29. Yang Y, Xiu F, Cai Z, Wang J, Wang Q, Fu Y, et al. Increased induction of 
antitumor response by exosomes derived from interleukin-2 gene-modified 
tumor cells. J Cancer Res Clin Oncol. 2007; 133: 389-99. 

30. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, 
Zimmerman LJ, et al. Reassessment of Exosome Composition. Cell. 2019; 177: 
428-45.e18. 

31. Yokoi A, Villar-Prados A, Oliphint PA, Zhang J, Song X, De Hoff P, et al. 
Mechanisms of nuclear content loading to exosomes. Sci Adv. 2019; 5: 
eaax8849. 

32. Doyle LM, Wang MZ. Overview of Extracellular Vesicles, Their Origin, 
Composition, Purpose, and Methods for Exosome Isolation and Analysis. 
Cells. 2019; 8. 

33. Ratajczak J, Wysoczynski M, Hayek F, Janowska-Wieczorek A, Ratajczak MZ. 
Membrane-derived microvesicles: important and underappreciated mediators 
of cell-to-cell communication. Leukemia. 2006; 20: 1487-95. 

34. Blazquez R, Sanchez-Margallo FM, de la Rosa O, Dalemans W, Alvarez V, 
Tarazona R, et al. Immunomodulatory Potential of Human Adipose 
Mesenchymal Stem Cells Derived Exosomes on in vitro Stimulated T Cells. 
Front Immunol. 2014; 5: 556. 

35. Mo M, Zhou Y, Li S, Wu Y. Three-Dimensional Culture Reduces Cell Size By 
Increasing Vesicle Excretion. Stem Cells. 2018; 36: 286-92. 

36. Huang F, Gao T, Wang W, Wang L, Xie Y, Tai C, et al. Engineered basic 
fibroblast growth factor-overexpressing human umbilical cord-derived 
mesenchymal stem cells improve the proliferation and neuronal 
differentiation of endogenous neural stem cells and functional recovery of 
spinal cord injury by activating the PI3K-Akt-GSK-3β signaling pathway. 
Stem Cell Res Ther. 2021; 12: 468. 

37. Chen X, Wei Q, Sun H, Zhang X, Yang C, Tao Y, et al. Exosomes Derived from 
Human Umbilical Cord Mesenchymal Stem Cells Regulate Macrophage 
Polarization to Attenuate Systemic Lupus Erythematosus-Associated Diffuse 
Alveolar Hemorrhage in Mice. Int J Stem Cells. 2021; 14: 331-40. 

38. Lo HY, Cheng SP, Huang JL, Chang KT, Chang YL, Huang CH, et al. High 
Induction of IL-6 Secretion From hUCMSCs Optimize the Potential of 
hUCMSCs and TCZ as Therapy for COVID-19-Related ARDS. Cell Transplant. 
2021; 30: 9636897211054481. 

39. Guo R, Wan F, Morimatsu M, Xu Q, Feng T, Yang H, et al. Cell sheet formation 
enhances the therapeutic effects of human umbilical cord mesenchymal stem 
cells on myocardial infarction as a bioactive material. Bioact Mater. 2021; 6: 
2999-3012. 

40. Yao Z, Li J, Xiong H, Cui H, Ning J, Wang S, et al. MicroRNA engineered 
umbilical cord stem cell-derived exosomes direct tendon regeneration by 
mTOR signaling. J Nanobiotechnology. 2021; 19: 169. 

41. Zhang Z, Zou X, Zhang R, Xie Y, Feng Z, Li F, et al. Human umbilical cord 
mesenchymal stem cell-derived exosomal miR-146a-5p reduces 
microglial-mediated neuroinflammation via suppression of the 
IRAK1/TRAF6 signaling pathway after ischemic stroke. Aging (Albany NY). 
2021; 13: 3060-79. 

42. Mao F, Wu Y, Tang X, Kang J, Zhang B, Yan Y, et al. Exosomes Derived from 
Human Umbilical Cord Mesenchymal Stem Cells Relieve Inflammatory Bowel 
Disease in Mice. Biomed Res Int. 2017; 2017: 5356760. 

43. Zhang B, Wang M, Gong A, Zhang X, Wu X, Zhu Y, et al. HucMSC-Exosome 
Mediated-Wnt4 Signaling Is Required for Cutaneous Wound Healing. Stem 
Cells. 2015; 33: 2158-68. 

44. Si Z, Wang X, Sun C, Kang Y, Xu J, Wang X, et al. Adipose-derived stem cells: 
Sources, potency, and implications for regenerative therapies. Biomed 
Pharmacother. 2019; 114: 108765. 

45. Yuan X, Li L, Liu H, Luo J, Zhao Y, Pan C, et al. Strategies for improving 
adipose-derived stem cells for tissue regeneration. Burns Trauma. 2022; 10: 
tkac028. 

46. Qiu H, Liu S, Wu K, Zhao R, Cao L, Wang H. Prospective application of 
exosomes derived from adipose-derived stem cells in skin wound healing: A 
review. J Cosmet Dermatol. 2020; 19: 574-81. 

47. Ma T, Fu B, Yang X, Xiao Y, Pan M. Adipose mesenchymal stem cell-derived 
exosomes promote cell proliferation, migration, and inhibit cell apoptosis via 
Wnt/β-catenin signaling in cutaneous wound healing. J Cell Biochem. 2019; 
120: 10847-54. 

48. Zhang W, Bai X, Zhao B, Li Y, Zhang Y, Li Z, et al. Cell-free therapy based on 
adipose tissue stem cell-derived exosomes promotes wound healing via the 
PI3K/Akt signaling pathway. Exp Cell Res. 2018; 370: 333-42. 

49. Li X, Xie X, Lian W, Shi R, Han S, Zhang H, et al. Exosomes from 
adipose-derived stem cells overexpressing Nrf2 accelerate cutaneous wound 
healing by promoting vascularization in a diabetic foot ulcer rat model. Exp 
Mol Med. 2018; 50: 1-14. 

50. Khorasani HR, Sanchouli M, Mehrani J, Sabour D. Potential of 
Bone-Marrow-Derived Mesenchymal Stem Cells for Maxillofacial and 
Periodontal Regeneration: A Narrative Review. Int J Dent. 2021; 2021: 4759492. 

51. Alexandru N, Andrei E, Safciuc F, Dragan E, Balahura AM, Badila E, et al. 
Intravenous Administration of Allogenic Cell-Derived Microvesicles of 
Healthy Origins Defend Against Atherosclerotic Cardiovascular Disease 
Development by a Direct Action on Endothelial Progenitor Cells. Cells. 2020; 
9. 

52. Damania A, Jaiman D, Teotia AK, Kumar A. Mesenchymal stromal 
cell-derived exosome-rich fractionated secretome confers a hepatoprotective 
effect in liver injury. Stem Cell Res Ther. 2018; 9: 31. 

53. Rong X, Liu J, Yao X, Jiang T, Wang Y, Xie F. Human bone marrow 
mesenchymal stem cells-derived exosomes alleviate liver fibrosis through the 
Wnt/β-catenin pathway. Stem Cell Res Ther. 2019; 10: 98. 

54. Liao Z, Luo R, Li G, Song Y, Zhan S, Zhao K, et al. Exosomes from 
mesenchymal stem cells modulate endoplasmic reticulum stress to protect 
against nucleus pulposus cell death and ameliorate intervertebral disc 
degeneration in vivo. Theranostics. 2019; 9: 4084-100. 

55. Xia C, Zeng Z, Fang B, Tao M, Gu C, Zheng L, et al. Mesenchymal stem 
cell-derived exosomes ameliorate intervertebral disc degeneration via 
anti-oxidant and anti-inflammatory effects. Free Radic Biol Med. 2019; 143: 
1-15. 

56. Shen C, Tao C, Zhang A, Li X, Guo Y, Wei H, et al. Exosomal microRNA⁃93⁃
3p secreted by bone marrow mesenchymal stem cells downregulates apoptotic 
peptidase activating factor 1 to promote wound healing. Bioengineered. 2022; 
13: 27-37. 

57. Pomatto M, Gai C, Negro F, Cedrino M, Grange C, Ceccotti E, et al. Differential 
Therapeutic Effect of Extracellular Vesicles Derived by Bone Marrow and 
Adipose Mesenchymal Stem Cells on Wound Healing of Diabetic Ulcers and 
Correlation to Their Cargoes. Int J Mol Sci. 2021; 22. 

58. Ding J, Wang X, Chen B, Zhang J, Xu J. Exosomes Derived from Human Bone 
Marrow Mesenchymal Stem Cells Stimulated by Deferoxamine Accelerate 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

1451 

Cutaneous Wound Healing by Promoting Angiogenesis. Biomed Res Int. 2019; 
2019: 9742765. 

59. Zhu Y, Jia Y, Wang Y, Xu J, Chai Y. Impaired Bone Regenerative Effect of 
Exosomes Derived from Bone Marrow Mesenchymal Stem Cells in Type 1 
Diabetes. Stem Cells Transl Med. 2019; 8: 593-605. 

60. Zhang B, Yeo RWY, Lai RC, Sim EWK, Chin KC, Lim SK. Mesenchymal 
stromal cell exosome-enhanced regulatory T-cell production through an 
antigen-presenting cell-mediated pathway. Cytotherapy. 2018; 20: 687-96. 

61. Abdulrazzak H, Moschidou D, Jones G, Guillot PV. Biological characteristics 
of stem cells from foetal, cord blood and extraembryonic tissues. J R Soc 
Interface. 2010; 7 Suppl 6: S689-706. 

62. Xie Z, Cheng Y, Zhang Q, Hao H, Yin Y, Zang L, et al. Anti-obesity effect and 
mechanism of mesenchymal stem cells influence on obese mice. Open Life 
Sciences. 2021; 16: 653-66. 

63. Markov A, Thangavelu L, Aravindhan S, Zekiy AO, Jarahian M, Chartrand 
MS, et al. Mesenchymal stem/stromal cells as a valuable source for the 
treatment of immune-mediated disorders. Stem Cell Res Ther. 2021; 12: 192. 

64. Gao J, Gao C. Development and regulation of stem cell-based therapies in 
China. Cell Prolif. 2022; 55: e13217. 

65. Zhang Y, Pan Y, Liu Y, Li X, Tang L, Duan M, et al. Exosomes derived from 
human umbilical cord blood mesenchymal stem cells stimulate regenerative 
wound healing via transforming growth factor-β receptor inhibition. Stem Cell 
Res Ther. 2021; 12: 434. 

66. Zhang Y, Yan J, Liu Y, Chen Z, Li X, Tang L, et al. Human Amniotic Fluid Stem 
Cell-Derived Exosomes as a Novel Cell-Free Therapy for Cutaneous 
Regeneration. Front Cell Dev Biol. 2021; 9: 685873. 

67. Zhang Y, Shi L, Li X, Liu Y, Zhang G, Wang Y. Placental stem cells-derived 
exosomes stimulate cutaneous wound regeneration via engrailed-1 inhibition. 
Front Bioeng Biotechnol. 2022; 10: 1044773. 

68. Adelipour M, Babaei F, Mirzababaei M, Allameh A. Correlation of micro 
vessel density and c-Myc expression in breast tumor of mice following 
mesenchymal stem cell therapy. Tissue Cell. 2017; 49: 315-22. 

69. Toh WS, Lai RC, Hui JHP, Lim SK. MSC exosome as a cell-free MSC therapy 
for cartilage regeneration: Implications for osteoarthritis treatment. Semin Cell 
Dev Biol. 2017; 67: 56-64. 

70. Duan M, Zhang Y, Zhang H, Meng Y, Qian M, Zhang G. Epidermal stem 
cell-derived exosomes promote skin regeneration by downregulating 
transforming growth factor-β1 in wound healing. Stem Cell Res Ther. 2020; 11: 
452. 

71. Ogawa M, Udono M, Teruya K, Uehara N, Katakura Y. Exosomes Derived 
from Fisetin-Treated Keratinocytes Mediate Hair Growth Promotion. 
Nutrients. 2021; 13. 

72. Aamar E, Avigad Laron E, Asaad W, Harshuk-Shabso S, Enshell-Seijffers D. 
Hair-Follicle Mesenchymal Stem Cell Activity during Homeostasis and 
Wound Healing. J Invest Dermatol. 2021; 141: 2797-807.e6. 

73. Blanpain C, Fuchs E. Epidermal stem cells of the skin. Annu Rev Cell Dev Biol. 
2006; 22: 339-73. 

74. Wang M, Yao S, He D, Qahar M, He J, Yin M, et al. Type 2 Diabetic Mellitus 
Inhibits Skin Renewal through Inhibiting WNT-Dependent Lgr5+ Hair Follicle 
Stem Cell Activation in C57BL/6 Mice. Journal of Diabetes Research. 2022; 
2022: 8938276. 

75. Levy V, Lindon C, Zheng Y, Harfe BD, Morgan BA. Epidermal stem cells arise 
from the hair follicle after wounding. Faseb j. 2007; 21: 1358-66. 

76. Langton AK, Herrick SE, Headon DJ. An extended epidermal response heals 
cutaneous wounds in the absence of a hair follicle stem cell contribution. J 
Invest Dermatol. 2008; 128: 1311-8. 

77. Vagnozzi AN, Reiter JF, Wong SY. Hair follicle and interfollicular epidermal 
stem cells make varying contributions to wound regeneration. Cell Cycle. 
2015; 14: 3408-17. 

78. Martínez ML, Escario E, Poblet E, Sánchez D, Buchón FF, Izeta A, et al. Hair 
follicle-containing punch grafts accelerate chronic ulcer healing: A 
randomized controlled trial. J Am Acad Dermatol. 2016; 75: 1007-14. 

79. Kageyama T, Shimizu A, Anakama R, Nakajima R, Suzuki K, Okubo Y, et al. 
Reprogramming of three-dimensional microenvironments for in vitro hair 
follicle induction. Sci Adv. 2022; 8: eadd4603. 

80. Li J, Zhao B, Dai Y, Zhang X, Chen Y, Wu X. Exosomes Derived from Dermal 
Papilla Cells Mediate Hair Follicle Stem Cell Proliferation through the 
Wnt3a/β-Catenin Signaling Pathway. Oxid Med Cell Longev. 2022; 2022: 
9042345. 

81. Zhao B, Li J, Zhang X, Dai Y, Yang N, Bao Z, et al. Exosomal miRNA-181a-5p 
from the cells of the hair follicle dermal papilla promotes the hair follicle 
growth and development via the Wnt/β-catenin signaling pathway. Int J Biol 
Macromol. 2022; 207: 110-20. 

82. Yan H, Gao Y, Ding Q, Liu J, Li Y, Jin M, et al. Exosomal Micro RNAs Derived 
from Dermal Papilla Cells Mediate Hair Follicle Stem Cell Proliferation and 
Differentiation. Int J Biol Sci. 2019; 15: 1368-82. 

83. Meng F, Qiu J, Chen H, Shi X, Yin M, Zhu M, et al. Dietary supplementation 
with N‐3 polyunsaturated fatty acid‐enriched fish oil promotes wound healing 
after ultraviolet B‐induced sunburn in mice. Food Science & Nutrition. 2021; 
00:1–8. 

84. Zhu M, Zhu M, Wu X, Xu M, Fan K, Wang J, et al. Porcine Acellular Dermal 
Matrix Increases Fat Survival Rate after Fat Grafting in Nude Mice. Aesthetic 
Plast Surg. 2021. 

85. Hammer A, Yang G, Friedrich J, Kovacs A, Lee DH, Grave K, et al. Role of the 
receptor Mas in macrophage-mediated inflammation in vivo. Proc Natl Acad 
Sci U S A. 2016; 113: 14109-14. 

86. Martin KE, García AJ. Macrophage phenotypes in tissue repair and the foreign 
body response: Implications for biomaterial-based regenerative medicine 
strategies. Acta Biomater. 2021; 133: 4-16. 

87. Kim H, Wang SY, Kwak G, Yang Y, Kwon IC, Kim SH. Exosome-Guided 
Phenotypic Switch of M1 to M2 Macrophages for Cutaneous Wound Healing. 
Adv Sci (Weinh). 2019; 6: 1900513. 

88. Siontis GC, Stefanini GG, Mavridis D, Siontis KC, Alfonso F, Pérez-Vizcayno 
MJ, et al. Percutaneous coronary interventional strategies for treatment of 
in-stent restenosis: a network meta-analysis. Lancet. 2015; 386: 655-64. 

89. Stanziale SF, Wholey MH, Boules TN, Selzer F, Makaroun MS. Determining 
in-stent stenosis of carotid arteries by duplex ultrasound criteria. J Endovasc 
Ther. 2005; 12: 346-53. 

90. Baron M, Boulanger CM, Staels B, Tailleux A. Cell-derived microparticles in 
atherosclerosis: biomarkers and targets for pharmacological modulation? J 
Cell Mol Med. 2012; 16: 1365-76. 

91. Georgescu A, Alexandru N, Popov D, Amuzescu M, Andrei E, Zamfir C, et al. 
Chronic venous insufficiency is associated with elevated level of circulating 
microparticles. J Thromb Haemost. 2009; 7: 1566-75. 

92. Wu X, Liu Z, Hu L, Gu W, Zhu L. Exosomes derived from endothelial 
progenitor cells ameliorate acute lung injury by transferring miR-126. Exp Cell 
Res. 2018; 370: 13-23. 

93. Xu J, Bai S, Cao Y, Liu L, Fang Y, Du J, et al. miRNA-221-3p in Endothelial 
Progenitor Cell-Derived Exosomes Accelerates Skin Wound Healing in 
Diabetic Mice. Diabetes Metab Syndr Obes. 2020; 13: 1259-70. 

94. Li X, Jiang C, Zhao J. Human endothelial progenitor cells-derived exosomes 
accelerate cutaneous wound healing in diabetic rats by promoting endothelial 
function. J Diabetes Complications. 2016; 30: 986-92. 

95. Zhang J, Chen C, Hu B, Niu X, Liu X, Zhang G, et al. Exosomes Derived from 
Human Endothelial Progenitor Cells Accelerate Cutaneous Wound Healing 
by Promoting Angiogenesis Through Erk1/2 Signaling. Int J Biol Sci. 2016; 12: 
1472-87. 

96. Yu Q, Liu L, Zhang X, Chang H, Ma S, Xie Z, et al. MiR-221-3p targets HIPK2 
to promote diabetic wound healing. Microvasc Res. 2022; 140: 104306. 

97. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell. 2006; 126: 
663-76. 

98. Lach MS, Rosochowicz MA, Richter M, Jagiełło I, Suchorska WM, Trzeciak T. 
The Induced Pluripotent Stem Cells in Articular Cartilage Regeneration and 
Disease Modelling: Are We Ready for Their Clinical Use? Cells. 2022; 11. 

99. Wang AYL. Human Induced Pluripotent Stem Cell-Derived Exosomes as a 
New Therapeutic Strategy for Various Diseases. Int J Mol Sci. 2021; 22. 

100. Zhang J, Guan J, Niu X, Hu G, Guo S, Li Q, et al. Exosomes released from 
human induced pluripotent stem cells-derived MSCs facilitate cutaneous 
wound healing by promoting collagen synthesis and angiogenesis. J Transl 
Med. 2015; 13: 49. 

101. Kobayashi H, Ebisawa K, Kambe M, Kasai T, Suga H, Nakamura K, et al. 
Effects of exosomes derived from the induced pluripotent stem cells on skin 
wound healing. Nagoya J Med Sci. 2018; 80: 141-53. 

102. Lu M, Peng L, Ming X, Wang X, Cui A, Li Y, et al. Enhanced wound healing 
promotion by immune response-free monkey autologous iPSCs and exosomes 
vs. their allogeneic counterparts. EBioMedicine. 2019; 42: 443-57. 

103. Yang D, Zhang W, Zhang H, Zhang F, Chen L, Ma L, et al. Progress, 
opportunity, and perspective on exosome isolation - efforts for efficient 
exosome-based theranostics. Theranostics. 2020; 10: 3684-707. 

104. Zhu Y, Wang Y, Zhao B, Niu X, Hu B, Li Q, et al. 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. 2017; 8: 64. 

105. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina 
R, et al. Minimal information for studies of extracellular vesicles 2018 
(MISEV2018): a position statement of the International Society for 
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell 
Vesicles. 2018; 7: 1535750. 

106. Gardiner C, Di Vizio D, Sahoo S, Théry C, Witwer KW, Wauben M, et al. 
Techniques used for the isolation and characterization of extracellular vesicles: 
results of a worldwide survey. J Extracell Vesicles. 2016; 5: 32945. 

107. Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in Exosome Isolation 
Techniques. Theranostics. 2017; 7: 789-804. 

108. Kitka D, Mihály J, Fraikin JL, Beke-Somfai T, Varga Z. Detection and 
phenotyping of extracellular vesicles by size exclusion chromatography 
coupled with on-line fluorescence detection. Sci Rep. 2019; 9: 19868. 

109. Van Deun J, Jo A, Li H, Lin HY, Weissleder R, Im H, et al. Integrated 
Dual-Mode Chromatography to Enrich Extracellular Vesicles from Plasma. 
Adv Biosyst. 2020; 4: e1900310. 

110. Müller MB, Schmitt D, Frimmel FH. Fractionation of Natural Organic Matter 
by Size Exclusion Chromatography−Properties and Stability of Fractions. 
Environmental Science & Technology. 2000; 34: 4867-72. 

111. Stulík K, Pacáková V, Tichá M. Some potentialities and drawbacks of 
contemporary size-exclusion chromatography. J Biochem Biophys Methods. 
2003; 56: 1-13. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

1452 

112. Zhang X, Borg EGF, Liaci AM, Vos HR, Stoorvogel W. A novel three step 
protocol to isolate extracellular vesicles from plasma or cell culture medium 
with both high yield and purity. J Extracell Vesicles. 2020; 9: 1791450. 

113. Bordas M, Genard G, Ohl S, Nessling M, Richter K, Roider T, et al. Optimized 
Protocol for Isolation of Small Extracellular Vesicles from Human and Murine 
Lymphoid Tissues. Int J Mol Sci. 2020; 21. 

114. Lane RE, Korbie D, Trau M, Hill MM. Purification Protocols for Extracellular 
Vesicles. Methods Mol Biol. 2017; 1660: 111-30. 

115. Yang Z, Shi J, Xie J, Wang Y, Sun J, Liu T, et al. Large-scale generation of 
functional mRNA-encapsulating exosomes via cellular nanoporation. Nat 
Biomed Eng. 2020; 4: 69-83. 

116. Rekker K, Saare M, Roost AM, Kubo AL, Zarovni N, Chiesi A, et al. 
Comparison of serum exosome isolation methods for microRNA profiling. 
Clin Biochem. 2014; 47: 135-8. 

117. Haraszti RA, Miller R, Stoppato M, Sere YY, Coles A, Didiot MC, et al. 
Exosomes Produced from 3D Cultures of MSCs by Tangential Flow Filtration 
Show Higher Yield and Improved Activity. Mol Ther. 2018; 26: 2838-47. 

118. Patel DB, Luthers CR, Lerman MJ, Fisher JP, Jay SM. Enhanced extracellular 
vesicle production and ethanol-mediated vascularization bioactivity via a 
3D-printed scaffold-perfusion bioreactor system. Acta Biomater. 2019; 95: 
236-44. 

119. García-Manrique P, Gutiérrez G, Blanco-López MC. Fully Artificial Exosomes: 
Towards New Theranostic Biomaterials. Trends Biotechnol. 2018; 36: 10-4. 

120. Surman M, Drożdż A, Stępień E, Przybyło M. Extracellular Vesicles as Drug 
Delivery Systems - Methods of Production and Potential Therapeutic 
Applications. Curr Pharm Des. 2019; 25: 132-54. 

121. Piffoux M, Silva AKA, Wilhelm C, Gazeau F, Tareste D. Modification of 
Extracellular Vesicles by Fusion with Liposomes for the Design of 
Personalized Biogenic Drug Delivery Systems. ACS Nano. 2018; 12: 6830-42. 

122. Antimisiaris SG, Mourtas S, Marazioti A. Exosomes and Exosome-Inspired 
Vesicles for Targeted Drug Delivery. Pharmaceutics. 2018; 10. 

123. Guimarães D, Cavaco-Paulo A, Nogueira E. Design of liposomes as drug 
delivery system for therapeutic applications. Int J Pharm. 2021; 601: 120571. 

124. Harrell CR, Jovicic N, Djonov V, Arsenijevic N, Volarevic V. Mesenchymal 
Stem Cell-Derived Exosomes and Other Extracellular Vesicles as New 
Remedies in the Therapy of Inflammatory Diseases. Cells. 2019; 8. 

125. Sakai-Kato K, Yoshida K, Takechi-Haraya Y, Izutsu KI. Physicochemical 
Characterization of Liposomes That Mimic the Lipid Composition of 
Exosomes for Effective Intracellular Trafficking. Langmuir. 2020; 36: 12735-44. 

126. Tauro BJ, Greening DW, Mathias RA, Ji H, Mathivanan S, Scott AM, et al. 
Comparison of ultracentrifugation, density gradient separation, and 
immunoaffinity capture methods for isolating human colon cancer cell line 
LIM1863-derived exosomes. Methods. 2012; 56: 293-304. 

127. Nordin JZ, Lee Y, Vader P, Mäger I, Johansson HJ, Heusermann W, et al. 
Ultrafiltration with size-exclusion liquid chromatography for high yield 
isolation of extracellular vesicles preserving intact biophysical and functional 
properties. Nanomedicine. 2015; 11: 879-83. 

128. Börger V, Staubach S, Dittrich R, Stambouli O, Giebel B. Scaled Isolation of 
Mesenchymal Stem/Stromal Cell-Derived Extracellular Vesicles. Curr Protoc 
Stem Cell Biol. 2020; 55: e128. 

129. Gheinani AH, Vögeli M, Baumgartner U, Vassella E, Draeger A, Burkhard FC, 
et al. Improved isolation strategies to increase the yield and purity of human 
urinary exosomes for biomarker discovery. Sci Rep. 2018; 8: 3945. 

130. Mgm A, Rjss A, Mjtc A, Pmaa B, Cpa B. Exosome-based therapeutics: 
Purification using semi-continuous multi-column chromatography. 
Separation and Purification Technology. 2019; 224: 515-23. 

131. Foroni C, Zarovni N, Bianciardi L, Bernardi S, Triggiani L, Zocco D, et al. 
When Less Is More: Specific Capture and Analysis of Tumor Exosomes in 
Plasma Increases the Sensitivity of Liquid Biopsy for Comprehensive 
Detection of Multiple Androgen Receptor Phenotypes in Advanced Prostate 
Cancer Patients. Biomedicines. 2020; 8. 

132. Han Z, Peng C, Yi J, Zhang D, Qiao L. Highly Efficient Exosome Purification 
from Human Plasma by Tangential Flow Filtration Based Microfluidic Chip. 
Sensors and Actuators B Chemical. 2021; 333: 129563. 

133. Wynn M. The impact of infection on the four stages of acute wound healing: 
an overview. Wounds UK. 2021; 17: 6-90. 

134. Lei X, Cheng L, Yang Y, Pang M, Dong Y, Zhu X, et al. Co-administration of 
platelet-rich plasma and small intestinal submucosa is more beneficial than 
their individual use in promoting acute skin wound healing. Burns Trauma. 
2021; 9: tkab033. 

135. Gao S, Chen T, Hao Y, Zhang F, Tang X, Wang D, et al. Exosomal miR-135a 
derived from human amnion mesenchymal stem cells promotes cutaneous 
wound healing in rats and fibroblast migration by directly inhibiting LATS2 
expression. Stem Cell Res Ther. 2020; 11: 56. 

136. Scharf RE. Platelet Signaling in Primary Haemostasis and Arterial Thrombus 
Formation: Part 1. Hamostaseologie. 2018; 38: 203-10. 

137. Zhu M, Kong D, Tian R, Pang M, Mo M, Chen Y, et al. Platelet sonicates 
activate hair follicle stem cells and mediate enhanced hair follicle regeneration. 
Journal of Cellular & Molecular Medicine. 2020; 24. 

138. Tottoli EM, Dorati R, Genta I, Chiesa E, Pisani S, Conti B. Skin Wound Healing 
Process and New Emerging Technologies for Skin Wound Care and 
Regeneration. Pharmaceutics. 2020; 12. 

139. Wang L, Hu L, Zhou X, Xiong Z, Zhang C, Shehada HMA, et al. Exosomes 
secreted by human adipose mesenchymal stem cells promote scarless 

cutaneous repair by regulating extracellular matrix remodelling. Sci Rep. 2017; 
7: 13321. 

140. Čoma M, Fröhlichová L, Urban L, Zajíček R, Urban T, Szabo P, et al. Molecular 
Changes Underlying Hypertrophic Scarring Following Burns Involve Specific 
Deregulations at All Wound Healing Stages (Inflammation, Proliferation and 
Maturation). Int J Mol Sci. 2021; 22. 

141. Almadani YH, Vorstenbosch J, Davison PG, Murphy AM. Wound Healing: A 
Comprehensive Review. Semin Plast Surg. 2021; 35: 141-4. 

142. Kang S, Kumanogoh A. The spectrum of macrophage activation by 
immunometabolism. Int Immunol. 2020; 32: 467-73. 

143. Wilkinson HN, Hardman MJ. Wound healing: cellular mechanisms and 
pathological outcomes. Open Biol. 2020; 10: 200223. 

144. Mills RE, Taylor KR, Podshivalova K, McKay DB, Jameson JM. Defects in skin 
gamma delta T cell function contribute to delayed wound repair in 
rapamycin-treated mice. J Immunol. 2008; 181: 3974-83. 

145. Ti D, Hao H, Tong C, Liu J, Dong L, Zheng J, et al. LPS-preconditioned 
mesenchymal stromal cells modify macrophage polarization for resolution of 
chronic inflammation via exosome-shuttled let-7b. J Transl Med. 2015; 13: 308. 

146. Song Y, Dou H, Li X, Zhao X, Li Y, Liu D, et al. Exosomal miR-146a 
Contributes to the Enhanced Therapeutic Efficacy of Interleukin-1β-Primed 
Mesenchymal Stem Cells Against Sepsis. Stem Cells. 2017; 35: 1208-21. 

147. Hu P, Chiarini A, Wu J, Freddi G, Nie K, Armato U, et al. Exosomes of adult 
human fibroblasts cultured on 3D silk fibroin nonwovens intensely stimulate 
neoangiogenesis. Burns Trauma. 2021; 9: tkab003. 

148. Shabbir A, Cox A, Rodriguez-Menocal L, Salgado M, Van Badiavas E. 
Mesenchymal Stem Cell Exosomes Induce Proliferation and Migration of 
Normal and Chronic Wound Fibroblasts, and Enhance Angiogenesis In Vitro. 
Stem Cells Dev. 2015; 24: 1635-47. 

149. Kapur SK, Katz AJ. Review of the adipose derived stem cell secretome. 
Biochimie. 2013; 95: 2222-8. 

150. Kang T, Jones TM, Naddell C, Bacanamwo M, Calvert JW, Thompson WE, et 
al. Adipose-Derived Stem Cells Induce Angiogenesis via Microvesicle 
Transport of miRNA-31. Stem Cells Transl Med. 2016; 5: 440-50. 

151. Liang X, Zhang L, Wang S, Han Q, Zhao RC. Exosomes secreted by 
mesenchymal stem cells promote endothelial cell angiogenesis by transferring 
miR-125a. J Cell Sci. 2016; 129: 2182-9. 

152. Dees C, Chakraborty D, Distler JHW. Cellular and molecular mechanisms in 
fibrosis. Exp Dermatol. 2021; 30: 121-31. 

153. Bailey AJ, Sims TJ, Le L, bazin S. Collagen polymorphism in experimental 
granulation tissue. Biochem Biophys Res Commun. 1975; 66: 1160-5. 

154. Choi EW, Seo MK, Woo EY, Kim SH, Park EJ, Kim S. Exosomes from human 
adipose-derived stem cells promote proliferation and migration of skin 
fibroblasts. Exp Dermatol. 2018; 27: 1170-2. 

155. Lin P, Hua N, Hsu YC, Kan KW, Chen JH, Lin YH, et al. Oral Collagen Drink 
for Antiaging: Antioxidation, Facilitation of the Increase of Collagen Synthesis, 
and Improvement of Protein Folding and DNA Repair in Human Skin 
Fibroblasts. Oxid Med Cell Longev. 2020; 2020: 8031795. 

156. Sarojini H, Bajorek A, Wan R, Wang J, Zhang Q, Billeter AT, et al. Enhanced 
Skin Incisional Wound Healing With Intracellular ATP Delivery via 
Macrophage Proliferation and Direct Collagen Production. Front Pharmacol. 
2021; 12: 594586. 

157. Velnar T, Gradisnik L. Tissue Augmentation in Wound Healing: the Role of 
Endothelial and Epithelial Cells. Med Arch. 2018; 72: 444-8. 

158. Weiliang Z, Lili G. Research Advances in the Application of Adipose-Derived 
Stem Cells Derived Exosomes in Cutaneous Wound Healing. Ann Dermatol. 
2021; 33: 309-17. 

159. Hu L, Wang J, Zhou X, Xiong Z, Zhao J, Yu R, et al. Exosomes derived from 
human adipose mensenchymal stem cells accelerates cutaneous wound 
healing via optimizing the characteristics of fibroblasts. Sci Rep. 2016; 6: 32993. 

160. Ji P, Diederichs S, Wang W, Böing S, Metzger R, Schneider PM, et al. 
MALAT-1, a novel noncoding RNA, and thymosin beta4 predict metastasis 
and survival in early-stage non-small cell lung cancer. Oncogene. 2003; 22: 
8031-41. 

161. Cooper DR, Wang C, Patel R, Trujillo A, Patel NA, Prather J, et al. Human 
Adipose-Derived Stem Cell Conditioned Media and Exosomes Containing 
MALAT1 Promote Human Dermal Fibroblast Migration and Ischemic Wound 
Healing. Adv Wound Care (New Rochelle). 2018; 7: 299-308. 

162. Hyldig K, Riis S, Pennisi CP, Zachar V, Fink T. Implications of Extracellular 
Matrix Production by Adipose Tissue-Derived Stem Cells for Development of 
Wound Healing Therapies. Int J Mol Sci. 2017; 18. 

163. Pelizzo G, Avanzini MA, Icaro Cornaglia A, De Silvestri A, Mantelli M, 
Travaglino P, et al. Extracellular vesicles derived from mesenchymal cells: 
perspective treatment for cutaneous wound healing in pediatrics. Regen Med. 
2018; 13: 385-94. 

164. Chen Y, Zhang X, Liu Z, Yang J, Chen C, Wang J, et al. Obstruction of the 
formation of granulation tissue leads to delayed wound healing after scald 
burn injury in mice. Burns Trauma. 2021; 9: tkab004. 

165. Abdul Kareem N, Aijaz A, Jeschke MG. Stem Cell Therapy for Burns: Story so 
Far. Biologics. 2021; 15: 379-97. 

166. Wang M, Xu X, Lei X, Tan J, Xie H. Mesenchymal stem cell-based therapy for 
burn wound healing. Burns Trauma. 2021; 9: tkab002. 

167. Li X, Liu L, Yang J, Yu Y, Chai J, Wang L, et al. Exosome Derived From Human 
Umbilical Cord Mesenchymal Stem Cell Mediates MiR-181c Attenuating 
Burn-induced Excessive Inflammation. EBioMedicine. 2016; 8: 72-82. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

1453 

168. Li SJ, Cai ZW, Yang HF, Tang XD, Fang X, Qiu L, et al. A Next-Generation 
Sequencing of Plasma Exosome-Derived microRNAs and Target Gene 
Analysis with a Microarray Database of Thermally Injured Skins: 
Identification of Blood-to-Tissue Interactions at Early Burn Stage. J Inflamm 
Res. 2021; 14: 6783-98. 

169. Foessl I, Haudum CW, Vidakovic I, Prassl R, Franz J, Mautner SI, et al. 
miRNAs as Regulators of the Early Local Response to Burn Injuries. Int J Mol 
Sci. 2021; 22. 

170. Qin D, Yang W, Pan Z, Zhang Y, Li X, Lakshmanan S. Differential proteomics 
analysis of serum exosomein burn patients. Saudi J Biol Sci. 2020; 27: 2215-20. 

171. Zhang Y, Wang C, Bai Z, Li P. Umbilical Cord Mesenchymal Stem Cell 
Exosomes Alleviate the Progression of Kidney Failure by Modulating 
Inflammatory Responses and Oxidative Stress in an Ischemia-Reperfusion 
Mice Model. J Biomed Nanotechnol. 2021; 17: 1874-81. 

172. Wang A, Guo B, Jia Q, Chen YU, Gao X, Xu S. S100A9-containing serum 
exosomes of burn injury patients promote permeability of pulmonary 
microvascular endothelial cells. J Biosci. 2021; 46. 

173. Liu JS, Du J, Cheng X, Zhang XZ, Li Y, Chen XL. Exosomal miR-451 from 
human umbilical cord mesenchymal stem cells attenuates burn-induced acute 
lung injury. J Chin Med Assoc. 2019; 82: 895-901. 

174. Islam A, Ghimbovschi S, Zhai M, Swift JM. An Exploration of Molecular 
Correlates Relevant to Radiation Combined Skin-Burn Trauma. PLoS One. 
2015; 10: e0134827. 

175. Pu X, Ma S, Gao Y, Xu T, Chang P, Dong L. Mesenchymal Stem Cell-Derived 
Exosomes: Biological Function and Their Therapeutic Potential in Radiation 
Damage. Cells. 2020; 10. 

176. Shen H, Zhu F, Li J, Tang S, Zhang Y, Zhang J. Protective Effect of Asiaticoside 
on Radiation-induced Proliferation Inhibition and DNA Damage of 
Fibroblasts and Mice Death. Open Life Sci. 2020; 15: 145-51. 

177. Dai S, Wen Y, Luo P, Ma L, Liu Y, Ai J, et al. Therapeutic implications of 
exosomes in the treatment of radiation injury. Burns Trauma. 2022; 10: 
tkab043. 

178. Gan F, Wang R, Lyu P, Li Y, Fu R, Du Y, et al. Plasma-Derived Exosomes Boost 
the Healing of Irradiated Wound by Regulating Cell Proliferation and 
Ferroptosis. J Biomed Nanotechnol. 2021; 17: 100-14. 

179. Wang T, Jian Z, Baskys A, Yang J, Li J, Guo H, et al. MSC-derived exosomes 
protect against oxidative stress-induced skin injury via adaptive regulation of 
the NRF2 defense system. Biomaterials. 2020; 257: 120264. 

180. Wu P, Zhang B, Han X, Sun Y, Sun Z, Li L, et al. HucMSC exosome-delivered 
14-3-3ζ alleviates ultraviolet radiation-induced photodamage via SIRT1 
pathway modulation. Aging (Albany NY). 2021; 13: 11542-63. 

181. Hu S, Li Z, Cores J, Huang K, Su T, Dinh PU, et al. Needle-Free Injection of 
Exosomes Derived from Human Dermal Fibroblast Spheroids Ameliorates 
Skin Photoaging. ACS Nano. 2019; 13: 11273-82. 

182. Lima AL, Illing T, Schliemann S, Elsner P. Cutaneous Manifestations of 
Diabetes Mellitus: A Review. Am J Clin Dermatol. 2017; 18: 541-53. 

183. World Health Organization: Facts and Figures About Diabetes. 
http://wwwwhoint/mediacentre/factsheets/fs312/en/2014. 2014. 

184. Patel S, Srivastava S, Singh MR, Singh D. Mechanistic insight into diabetic 
wounds: Pathogenesis, molecular targets and treatment strategies to pace 
wound healing. Biomed Pharmacother. 2019; 112: 108615. 

185. Lazzarini PA, Hurn SE, Fernando ME, Jen SD, Kuys SS, Kamp MC, et al. 
Prevalence of foot disease and risk factors in general inpatient populations: a 
systematic review and meta-analysis. BMJ Open. 2015; 5: e008544. 

186. Jeffcoate W, Bakker K. World Diabetes Day: footing the bill. Lancet. 2005; 365: 
1527. 

187. Wei P, Zhong C, Yang X, Shu F, Xiao S, Gong T, et al. Exosomes derived from 
human amniotic epithelial cells accelerate diabetic wound healing via 
PI3K-AKT-mTOR-mediated promotion in angiogenesis and fibroblast 
function. Burns Trauma. 2020; 8: tkaa020. 

188. Zhao B, Zhang X, Zhang Y, Lu Y, Zhang W, Lu S, et al. Human Exosomes 
Accelerate Cutaneous Wound Healing by Promoting Collagen Synthesis in a 
Diabetic Mouse Model. Stem Cells Dev. 2021; 30: 922-33. 

189. Guo SC, Tao SC, Yin WJ, Qi X, Yuan T, Zhang CQ. Exosomes derived from 
platelet-rich plasma promote the re-epithelization of chronic cutaneous 
wounds via activation of YAP in a diabetic rat model. Theranostics. 2017; 7: 
81-96. 

190. Geiger A, Walker A, Nissen E. Human fibrocyte-derived exosomes accelerate 
wound healing in genetically diabetic mice. Biochem Biophys Res Commun. 
2015; 467: 303-9. 

191. Dalirfardouei R, Jamialahmadi K, Jafarian AH, Mahdipour E. Promising 
effects of exosomes isolated from menstrual blood-derived mesenchymal stem 
cell on wound-healing process in diabetic mouse model. J Tissue Eng Regen 
Med. 2019; 13: 555-68. 

192. Li M, Wang T, Tian H, Wei G, Zhao L, Shi Y. Macrophage-derived exosomes 
accelerate wound healing through their anti-inflammation effects in a diabetic 
rat model. Artif Cells Nanomed Biotechnol. 2019; 47: 3793-803. 

193. Shi R, Jin Y, Hu W, Lian W, Cao C, Han S, et al. Exosomes derived from 
mmu_circ_0000250-modified adipose-derived mesenchymal stem cells 
promote wound healing in diabetic mice by inducing 
miR-128-3p/SIRT1-mediated autophagy. Am J Physiol Cell Physiol. 2020; 318: 
C848-c56. 

194. Li B, Luan S, Chen J, Zhou Y, Wang T, Li Z, et al. The MSC-Derived Exosomal 
lncRNA H19 Promotes Wound Healing in Diabetic Foot Ulcers by 

Upregulating PTEN via MicroRNA-152-3p. Mol Ther Nucleic Acids. 2020; 19: 
814-26. 

195. Qiu J, Shu C, Li X, Ye C, Zhang WC. Exosomes from linc00511-overexpressing 
ADSCs accelerates angiogenesis in diabetic foot ulcers healing by suppressing 
PAQR3-induced Twist1 degradation. Diabetes Res Clin Pract. 2021; 180: 
109032. 

196. Franchini A. Adaptive Immunity and Skin Wound Healing in Amphibian 
Adults. Open Life Sci. 2019; 14: 420-6. 

197. Tashkandi H. Honey in wound healing: An updated review. Open Life Sci. 
2021; 16: 1091-100. 

198. Wang M, Zhao Y, Zhang Q. Human mesenchymal stem cell-derived exosomes 
accelerate wound healing of mice eczema. J Dermatolog Treat. 2020: 1-5. 

199. Zeng QL, Liu DW. Mesenchymal stem cell-derived exosomes: An emerging 
therapeutic strategy for normal and chronic wound healing. World J Clin 
Cases. 2021; 9: 6218-33. 

200. Hu C, Li L. Preconditioning influences mesenchymal stem cell properties 
in vitro and in vivo. J Cell Mol Med. 2018; 22: 1428-42. 

201. Yang Y, Choi H, Seon M, Cho D, Bang SI. LL-37 stimulates the functions of 
adipose-derived stromal/stem cells via early growth response 1 and the 
MAPK pathway. Stem Cell Res Ther. 2016; 7: 58. 

202. Han Y, Ren J, Bai Y, Pei X, Han Y. Exosomes from hypoxia-treated human 
adipose-derived mesenchymal stem cells enhance angiogenesis through 
VEGF/VEGF-R. Int J Biochem Cell Biol. 2019; 109: 59-68. 

203. Liang B, Liang JM, Ding JN, Xu J, Xu JG, Chai YM. 
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. 2019; 10: 335. 

204. Hu Y, Tao R, Chen L, Xiong Y, Xue H, Hu L, et al. Exosomes derived from 
pioglitazone-pretreated MSCs accelerate diabetic wound healing through 
enhancing angiogenesis. J Nanobiotechnology. 2021; 19: 150. 

205. Liu W, Yu M, Xie D, Wang L, Ye C, Zhu Q, et al. Melatonin-stimulated 
MSC-derived exosomes improve diabetic wound healing through regulating 
macrophage M1 and M2 polarization by targeting the PTEN/AKT pathway. 
Stem Cell Res Ther. 2020; 11: 259. 

206. Yu M, Liu W, Li J, Lu J, Lu H, Jia W, et al. Exosomes derived from 
atorvastatin-pretreated MSC accelerate diabetic wound repair by enhancing 
angiogenesis via AKT/eNOS pathway. Stem Cell Res Ther. 2020; 11: 350. 

207. Shieh JS, Chin YT, Chiu HC, Hsieh YY, Cheng HR, Gu H, et al. Bio-Pulsed 
Stimulation Effectively Improves the Production of Avian Mesenchymal Stem 
Cell-Derived Extracellular Vesicles That Enhance the Bioactivity of Skin 
Fibroblasts and Hair Follicle Cells. Int J Mol Sci. 2022; 23. 

208. Li Z, Luo G, Hu WP, Hua JL, Geng S, Chu PK, et al. Mediated Drug Release 
from Nanovehicles by Black Phosphorus Quantum Dots for Efficient Therapy 
of Chronic Obstructive Pulmonary Disease. Angew Chem Int Ed Engl. 2020; 
59: 20568-76. 

209. Li M, Ke QF, Tao SC, Guo SC, Rui BY, Guo YP. Fabrication of 
hydroxyapatite/chitosan composite hydrogels loaded with exosomes derived 
from miR-126-3p overexpressed synovial mesenchymal stem cells for diabetic 
chronic wound healing. J Mater Chem B. 2016; 4: 6830-41. 

210. Shiekh PA, Singh A, Kumar A. Exosome laden oxygen releasing antioxidant 
and antibacterial cryogel wound dressing OxOBand alleviate diabetic and 
infectious wound healing. Biomaterials. 2020; 249: 120020. 

211. Wang M, Wang C, Chen M, Xi Y, Cheng W, Mao C, et al. Efficient 
Angiogenesis-Based Diabetic Wound Healing/Skin Reconstruction through 
Bioactive Antibacterial Adhesive Ultraviolet Shielding Nanodressing with 
Exosome Release. ACS Nano. 2019; 13: 10279-93. 

212. Gunassekaran GR, Poongkavithai Vadevoo SM, Baek MC, Lee B. M1 
macrophage exosomes engineered to foster M1 polarization and target the 
IL-4 receptor inhibit tumor growth by reprogramming tumor-associated 
macrophages into M1-like macrophages. Biomaterials. 2021; 278: 121137. 

213. Tan L, Lai X, Zhang M, Zeng T, Liu Y, Deng X, et al. A stimuli-responsive drug 
release nanoplatform for kidney-specific anti-fibrosis treatment. Biomater Sci. 
2019; 7: 1554-64. 

214. Dad HA, Gu TW, Zhu AQ, Huang LQ, Peng LH. Plant Exosome-like 
Nanovesicles: Emerging Therapeutics and Drug Delivery Nanoplatforms. Mol 
Ther. 2021; 29: 13-31. 

215. Zhang N, Song Y, Huang Z, Chen J, Tan H, Yang H, et al. Monocyte mimics 
improve mesenchymal stem cell-derived extracellular vesicle homing in a 
mouse MI/RI model. Biomaterials. 2020; 255: 120168. 

216. van den Boorn JG, Schlee M, Coch C, Hartmann G. SiRNA delivery with 
exosome nanoparticles. Nat Biotechnol. 2011; 29: 325-6. 

217. Liang Y, Duan L, Lu J, Xia J. Engineering exosomes for targeted drug delivery. 
Theranostics. 2021; 11: 3183-95. 

218. Li H, Li S, Lin Y, Chen S, Yang L, Huang X, et al. Artificial exosomes mediated 
spatiotemporal-resolved and targeted delivery of epigenetic inhibitors. J 
Nanobiotechnology. 2021; 19: 364. 

219. Yuan D, Zhao Y, Banks WA, Bullock KM, Haney M, Batrakova E, et al. 
Macrophage exosomes as natural nanocarriers for protein delivery to inflamed 
brain. Biomaterials. 2017; 142: 1-12. 

220. Yang J, Chen Z, Pan D, Li H, Shen J. Umbilical Cord-Derived Mesenchymal 
Stem Cell-Derived Exosomes Combined Pluronic F127 Hydrogel Promote 
Chronic Diabetic Wound Healing and Complete Skin Regeneration. Int J 
Nanomedicine. 2020; 15: 5911-26. 

221. Gelmi A, Schutt CE. Stimuli-Responsive Biomaterials: Scaffolds for Stem Cell 
Control. Adv Healthc Mater. 2021; 10: e2001125. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

1454 

222. Ding YL, Han CM. Recent advances in burn wound management in China. 
Acta Chir Plast. 1989; 31: 84-91. 

223. Chen B, Cai J, Wei Y, Jiang Z, Desjardins HE, Adams AE, et al. Exosomes Are 
Comparable to Source Adipose Stem Cells in Fat Graft Retention with 
Up-Regulating Early Inflammation and Angiogenesis. Plast Reconstr Surg. 
2019; 144: 816e-27e. 

224. Mohammadi MR, Rodriguez SM, Luong JC, Li S, Cao R, Alshetaiwi H, et al. 
Exosome loaded immunomodulatory biomaterials alleviate local immune 
response in immunocompetent diabetic mice post islet xenotransplantation. 
Commun Biol. 2021; 4: 685. 

225. Ma T, Wang X, Jiang D. Immune Tolerance of Mesenchymal Stem Cells and 
Induction of Skin Allograft Tolerance. Curr Stem Cell Res Ther. 2017; 12: 
409-15. 

226. Liu YY, Fan HH, Ren YN, Yang J, Nie XX, Zhao LH, et al. [Immune tolerance 
induced by exosomes derived from regulatory dendritic cells of mice]. 
Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2008; 16: 406-10. 

227. Zhang B, Yin Y, Lai RC, Tan SS, Choo AB, Lim SK. Mesenchymal stem cells 
secrete immunologically active exosomes. Stem Cells Dev. 2014; 23: 1233-44. 

228. Gibson BHY, Wollenman CC, Moore-Lotridge SN, Keller PR, Summitt JB, 
Revenko AR, et al. Plasmin drives burn-induced systemic inflammatory 
response syndrome. JCI Insight. 2021; 6. 

229. Costantini TW, Coimbra R, Weaver JL, Eliceiri BP. Precision targeting of the 
vagal anti-inflammatory pathway attenuates the systemic inflammatory 
response to burn injury. J Trauma Acute Care Surg. 2022; 92: 323-9. 

230. Li Y, Zhang H, Chen C, Qiao K, Li Z, Han J, et al. Biomimetic 
Immunosuppressive Exosomes that Inhibit Cytokine Storms Contribute to the 
Alleviation of Sepsis. Adv Mater. 2022; 34: e2108476. 

231. Helanterä I, Koljonen V, Finne P, Tukiainen E, Gissler M. The risk for 
end-stage renal disease is increased after burn. Burns. 2016; 42: 316-21. 

232. Mulder PPG, Vlig M, Boekema B, Stoop MM, Pijpe A, van Zuijlen PPM, et al. 
Persistent Systemic Inflammation in Patients with Severe Burn Injury Is 
Accompanied by Influx of Immature Neutrophils and Shifts in T Cell Subsets 
and Cytokine Profiles. Front Immunol. 2020; 11: 621222. 

233. Finnerty CC, Herndon DN, Przkora R, Pereira CT, Oliveira HM, Queiroz DM, 
et al. Cytokine expression profile over time in severely burned pediatric 
patients. Shock. 2006; 26: 13-9. 

234. Murao A, Brenner M, Aziz M, Wang P. Exosomes in Sepsis. Front Immunol. 
2020; 11: 2140. 

235. Ji L, Bao L, Gu Z, Zhou Q, Liang Y, Zheng Y, et al. Comparison of 
immunomodulatory properties of exosomes derived from bone marrow 
mesenchymal stem cells and dental pulp stem cells. Immunol Res. 2019; 67: 
432-42. 

236. Chen W, Huang Y, Han J, Yu L, Li Y, Lu Z, et al. Immunomodulatory effects of 
mesenchymal stromal cells-derived exosome. Immunol Res. 2016; 64: 831-40. 

237. Noronha NC, Mizukami A, Caliári-Oliveira C, Cominal JG, Rocha JLM, Covas 
DT, et al. Priming approaches to improve the efficacy of mesenchymal stromal 
cell-based therapies. Stem Cell Res Ther. 2019; 10: 131. 

238. Lv LL, Feng Y, Wu M, Wang B, Li ZL, Zhong X, et al. Exosomal 
miRNA-19b-3p of tubular epithelial cells promotes M1 macrophage activation 
in kidney injury. Cell Death Differ. 2020; 27: 210-26. 

239. Yousefi Dehbidi M, Goodarzi N, Azhdari MH, Doroudian M. Mesenchymal 
stem cells and their derived exosomes to combat Covid-19. Rev Med Virol. 
2022; 32: e2281. 

240. Rana R, Kant R, Kaul D, Sachdev A, Ganguly NK. Integrated view of 
molecular diagnosis and prognosis of dengue viral infection: future prospect 
of exosomes biomarkers. Mol Cell Biochem. 2022; 477: 815-32. 

241. Chen L, Yao X, Yao H, Ji Q, Ding G, Liu X. Exosomal miR-103-3p from 
LPS-activated THP-1 macrophage contributes to the activation of hepatic 
stellate cells. Faseb j. 2020; 34: 5178-92. 

242. Kwon HH, Yang SH, Lee J, Park BC, Park KY, Jung JY, et al. Combination 
Treatment with Human Adipose Tissue Stem Cell-derived Exosomes and 
Fractional CO2 Laser for Acne Scars: A 12-week Prospective, Double-blind, 
Randomized, Split-face Study. Acta Derm Venereol. 2020; 100: adv00310. 

243. Wang J, Li X, Wu X, Wang Z, Zhang C, Cao G, et al. Expression Profiling of 
Exosomal miRNAs Derived from the Peripheral Blood of Kidney Recipients 
with DGF Using High-Throughput Sequencing. Biomed Res Int. 2019; 2019: 
1759697. 

244. Sun H, Yao W, Tang Y, Zhuang W, Wu D, Huang S, et al. Urinary exosomes as 
a novel biomarker for evaluation of α-lipoic acid's protective effect in early 
diabetic nephropathy. J Clin Lab Anal. 2017; 31. 

245. Baier SR, Nguyen C, Xie F, Wood JR, Zempleni J. MicroRNAs are absorbed in 
biologically meaningful amounts from nutritionally relevant doses of cow 
milk and affect gene expression in peripheral blood mononuclear cells, 
HEK-293 kidney cell cultures, and mouse livers. J Nutr. 2014; 144: 1495-500. 

246. Chu M, Wang H, Bian L, Huang J, Wu D, Zhang R, et al. Nebulization Therapy 
with Umbilical Cord Mesenchymal Stem Cell-Derived Exosomes for 
COVID-19 Pneumonia. Stem Cell Rev Rep. 2022; 18: 2152-63. 

247. Zhu YG, Shi MM, Monsel A, Dai CX, Dong X, Shen H, et al. Nebulized 
exosomes derived from allogenic adipose tissue mesenchymal stromal cells in 
patients with severe COVID-19: a pilot study. Stem Cell Res Ther. 2022; 13: 
220. 

248. Roccaro AM, Sacco A, Maiso P, Azab AK, Tai YT, Reagan M, et al. BM 
mesenchymal stromal cell-derived exosomes facilitate multiple myeloma 
progression. J Clin Invest. 2013; 123: 1542-55. 

249. Zhu W, Huang L, Li Y, Zhang X, Gu J, Yan Y, et al. Exosomes derived from 
human bone marrow mesenchymal stem cells promote tumor growth in vivo. 
Cancer Lett. 2012; 315: 28-37. 

250. Lee JK, Park SR, Jung BK, Jeon YK, Lee YS, Kim MK, et al. Exosomes derived 
from mesenchymal stem cells suppress angiogenesis by down-regulating 
VEGF expression in breast cancer cells. PLoS One. 2013; 8: e84256. 

251. Zhou X, Wen W, Shan X, Qian J, Li H, Jiang T, et al. MiR-28-3p as a potential 
plasma marker in diagnosis of pulmonary embolism. Thromb Res. 2016; 138: 
91-5. 

252. Lyu L, Zhang X, Li C, Yang T, Wang J, Pan L, et al. Small RNA Profiles of 
Serum Exosomes Derived From Individuals With Latent and Active 
Tuberculosis. Front Microbiol. 2019; 10: 1174. 

253. Mao HY, Liu LN, Hu YM. Mesenchymal stem cells-derived exosomal 
miRNA-28-3p promotes apoptosis of pulmonary endothelial cells in 
pulmonary embolism. Eur Rev Med Pharmacol Sci. 2020; 24: 10619-31. 

254. Pak HN, Qayyum M, Kim DT, Hamabe A, Miyauchi Y, Lill MC, et al. 
Mesenchymal stem cell injection induces cardiac nerve sprouting and 
increased tenascin expression in a Swine model of myocardial infarction. J 
Cardiovasc Electrophysiol. 2003; 14: 841-8. 

255. Chen Y, Zhu Q, Cheng L, Wang Y, Li M, Yang Q, et al. Exosome detection via 
the ultrafast-isolation system: EXODUS. Nat Methods. 2021; 18: 212-8. 

256. Bailey AJM, Li H, Kirkham AM, Tieu A, Maganti HB, Shorr R, et al. 
MSC-Derived Extracellular Vesicles to Heal Diabetic Wounds: a Systematic 
Review and Meta-Analysis of Preclinical Animal Studies. Stem Cell Rev Rep. 
2022; 18: 968-79. 

257. Tieu A, Hu K, Gnyra C, Montroy J, Fergusson DA, Allan DS, et al. 
Mesenchymal stromal cell extracellular vesicles as therapy for acute and 
chronic respiratory diseases: A meta-analysis. J Extracell Vesicles. 2021; 10: 
e12141. 

258. Liu C, Wang J, Hu J, Fu B, Mao Z, Zhang H, et al. Extracellular vesicles for 
acute kidney injury in preclinical rodent models: a meta-analysis. Stem Cell 
Res Ther. 2020; 11: 11. 

259. Wang C, Liang C, Wang R, Yao X, Guo P, Yuan W, et al. The fabrication of a 
highly efficient self-healing hydrogel from natural biopolymers loaded with 
exosomes for the synergistic promotion of severe wound healing. Biomater 
Sci. 2019; 8: 313-24. 


