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Abstract 
The healing process at a wound is made up of many types of cells, growth factors, the extracellular 
matrix, nerves and blood vessels all interacting with each other in complex and changing ways. 
Microbial colonization and proliferation are possible at the place of injury, which makes infection 
more likely. Because of this, any cut has a chance of getting an infection. Researchers have found 
that wound infections make patients more upset and cost the healthcare system a lot of money. 
Surgical site infections happen a lot to people who have recently had surgery. This study shows that 
such surgical infection is linked to a high rate of illness and death. This is shown by the fact that 25% 
of patients get serious sepsis and need to be transferred to an intensive care unit. In both animal 
models and people, mesenchymal stem cells (MSCs) play an active role in all stages of wound 
healing and have positive effects. Exosomes are one of the main things MSCs release. They have 
effects that are similar to those of the parent MSCs. Various effector proteins, messenger RNA and 
microRNAs can be transported by extracellular vesicles to control the activity of target cells. This 
has a big impact on the healing process. These results suggest that using MSC-exosomes as a new 
type of cell-free therapy could be a better and safer option than whole cell therapy. This review is 
mostly about how to use parts of MSC-exosomes to help wound infections heal. 
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Highlights 
• MSC-derived exosomes significantly reduced oxidative stress and protein misfolding in myocardial tissues during ischemia/ 

reperfusion injury, highlighting their protective effects. 
• Treatment with MSC-derived exosomes led to a notable decrease in inflammatory markers and improved tissue repair in 

models of burn injuries and dilated cardiomyopathy. 
• Application of ADSC-Exos in cutaneous wound healing models resulted in accelerated wound closure, enhanced skin 

regeneration, and reduced chronic inflammation. 

Background 
The integumentary system is comprised of the largest 
sensory organ in the human body, which is the skin. 
Furthermore, it serves as a tangible obstacle and safeguards 
against potential harm caused by hazardous substances or 
pathogenic microorganisms [1]. Mechanical injuries, such 
as cuts or burns, can compromise skin integrity, leading to 
exposure of subcutaneous tissue to the external environment. 
The uncovered tissue creates a favorable habitat for 
pathogenic microorganisms to flourish, due to the presence 
of warmth, moisture and nutrients [2]. Therefore, the area of 
injury becomes susceptible to microbial colonization and 
proliferation, and any wound carries a certain degree of 
susceptibility to infection. The occurrence of wound infection 
results in heightened patient trauma and imposes financial 
strain on the healthcare system, as evidenced by previous 
research [3]. Surgical site infections are a common occurrence 
among post-operative surgical patients [4]. At present surgical 
infection exhibits a significant association with elevated 

morbidity and mortality rates, whereby a quarter of patients 
are prone to developing severe sepsis necessitating their 
transfer to an intensive care unit [5]. 

Stem cell-based therapies have demonstrated significant 
potential for the regeneration of damaged tissues in both 
preclinical and clinical trials, as evidenced by recent research 
[6]. Stem cell-based remedies offer several advantages over 
conventional therapies that rely on growth factors or cytokine 
biologicals. This is due to the superior regenerative capacity 
of stem cells, which can promote healing and regeneration 
through multifactorial mechanisms. Mesenchymal stem cells 
(MSCs) have been identified as the predominant stem cell 
category that has demonstrated clear therapeutic benefits in 
addressing a range of tissue injuries [7]. MSCs are multipotent 
because they can self-renew and differentiate into multiple 
cell types. Stem cells are abundant in the human body and 
can be extracted from a wide variety of tissues, such as 
bone marrow, adipose tissue, tooth tissue and the umbilical 
cord [8].
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The administration of MSC therapy has been observed 
to alleviate bacterial clearance by enhancing the migratory 
and phagocytic capabilities of neutrophils, which is achieved 
through the upregulation of cytokines such as interleukin 6 
(IL-6), IL-8 and granulocyte-macrophage colony-stimulating 
factor. These molecules ultimately contribute to the elim-
ination of the infection and aid in the process of tissue 
restoration, as demonstrated in the phenomenon of wound 
healing [9]. 

Numerous academic studies have investigated the 
immunomodulatory characteristics and suggested mecha-
nisms of MSCs. The immunomodulatory properties of the 
local microenvironment and the capacity to attract reparative 
cells and migrate to injured tissue are among the attributes 
that have piqued interest in the utilization of MSCs for 
cutaneous wound healing. This interest has arisen due to 
the absence of definitive remedies for persistent wounds in 
the last 10 years [10]. The therapeutic approach of MSCs 
for skin wounds involves restoration and substitution of 
cellular substrates, reduction of inflammation, promotion of 
angiogenesis and the facilitation of reparative cell migration. 
However, the intricate mechanisms of MSC differentiation, 
mobilization and homing are still not fully understood and 
require additional investigation [2,11,12]. 

Exosomes are a type of lipid bilayer vesicle that exhibit 
a spherical shape and possess a range of diameters span-
ning from 30–150 nm. Exosomes are generated through a 
sequence of membrane-trafficking events [13]. Early endo-
somes might originate from the invagination of the plasma 
membrane or from the budding of membranes from intra-
cellular organelles. Multivesicular bodies (MVBs) are formed 
when early endosomes undergo invagination and simulta-
neously generate intraluminal vesicles (ILVs). MVBs contain 
ILVs, which can go in one of two directions. Both lyso-
somal degradation and exocytosis during MVB transport 
culminate in membrane fusion with the plasma membrane. 
ILVs are secreted into the extracellular environment, where 
they give rise to exosomes [14]. Exosomes that have been 
released may reach their target cells through paracrine signal-
ing or circulation, and subsequently undergo internalization 
by the recipient cells. This process can occur through various 
mechanisms, including ligand–receptor interaction, surface 
molecule-mediated endocytosis, micropinocytosis, phagocy-
tosis or plasmatic membrane fusion with the recipient cells 
[15]. Upon the discharge of exosome-encapsulated cargo into 
the cytoplasm of the recipient, modifications of intracellular 
signaling pathways transpire in the recipient cells, thereby 
regulating cellular processes and functions [3]. 

The potential of MSC-exosome components in wound 
infection healing has attracted considerable attention in 
recent years, with the possibility of transforming the field 
of wound care. As experts in the field continue to explore 
new approaches to tackle the issues related to wound 
infections, the utilization of exosomes derived from MSCs 
has emerged as a hopeful therapeutic strategy. These tiny 
extracellular vesicles, released by MSCs, have a crucial 

function in communicating between cells and are recognized 
for transporting a wide variety of active substances, such 
as proteins, lipids and nucleic acids [16]. The distinct 
composition of MSC-exosomes allows them to influence 
different cellular processes related to wound healing, 
including inflammation, angiogenesis and tissue regeneration. 
In addition, the capacity to transmit genetic information to 
other cells amplifies their potential as valuable therapeutic 
agents. This paper seeks to offer fresh perspectives on the 
uses of MSC-exosome components in the healing of wound 
infections [17]. It accomplishes this by examining existing 
literature on their mechanisms of action, preclinical and 
clinical studies and future prospects in this area. Through 
a thorough analysis of the existing evidence, this paper aims 
to add to the expanding knowledge in the field of MSC-
exosomes for wound care. This research has the potential 
to lead to the creation of improved and tailored therapeutic 
methods [18]. 

Receptors, enzymes, transcription factors, lipids, extra-
cellular matrix (ECM) proteins, and Mitochondrial DNA 
(mtDNA), Single-stranded DNA (ssDNA), Double-Stranded 
DNA (dsDNA), messenger RNA (mRNA) and microRNA 
(miRNA) are only some of the cytoplasmic molecules 
and membrane proteins found in MSC exosomes [19]. 
The contents of exosomes can have an effect on the 
proliferation, migration, death and immunomodulation of 
the recipient cells. By manipulating important signaling 
pathways such PI3Ks/AKT, JAK/STAT, TGF-/Smad and 
Wnt/−catenin, regeneration processes in target organs can be 
altered [20]. Several functions of MSC exosomes have been 
identified, including regulation of macrophage activation, 
initiation of angiogenesis, stimulation of keratinocyte and 
dermal fibroblast proliferation and migration, and modu-
lation of myofibroblasts’ innate capacity to change ECM 
turnover [21]. 

Exosomes-based therapies have the potential to offer 
advantages over conventional cell-based therapies by cir-
cumventing the adverse effects associated with transplanted 
cells, such as immune rejection [22]. MSCs may be able 
to significantly influence inflammation reduction via the 
exosomes they release by suppressing M1 polarization 
and enhancing M2 polarization. The enhancement of skin 
wound healing may be facilitated by the regulation of 
M2 polarization through exosomes derived from MSCs, as 
indicated by previous research [23]. 

Review 
Wound and wound infection 
As a result of damage caused by blunt force or compression, 
the skin may become lacerated or perforated (open wounds), 
or it may bruise (closed wounds). In the study of pathology, 
the term “wound” refers to any injury that occurs to the 
epidermis, which is the topmost layer of skin [24,25]. The 
series of steps that take place while the body attempts to mend 
itself after suffering an injury is referred to as the “wound
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healing process”. A wound’s classification depends on the 
degree of contamination it has received. A clean wound is 
one that has been created in a sterile environment, free of 
any bacteria or other pathogens, and is therefore more likely 
to heal without incident [23]. A contaminated wound is one 
that contains pathogenic organisms and foreign substances 
and has most likely resulted from an unintentional injury 
[26]. Clinical indications of infection manifest in a wound 
when pathogenic organisms are present and proliferating (yel-
low appearance, soreness, redness, oozing pus). A colonized 
wound is a chronic condition that makes it hard to heal 
because it contains harmful organisms (e.g. bedsore) [27]. The 
most common causative organisms associated with wound 
infections include Staphylococcus aureus/MRSA, Streptococ-
cus pyogenes, Enterococci and Pseudomonas aeruginosa [28]. 

The overall course of therapy is determined by the nature, 
origin and severity of the wound, as well as the involvement 
of tissues other than the skin (dermis) [29]. Most lacerations 
need to be examined, cleaned and bandaged as soon as possi-
ble after they happen [30]. Bruises and other minor wounds 
heal on their own, and any darkening to the skin should 
fade away within a week or two. Abrasions are defined as 
wounds with unbroken skin (non-penetration through dermis 
to subcutaneous fat) and can be treated simply by keeping the 
affected region clean, first with soap and water [31]. Infection 
risk increases with the depth of a puncture wound. To prevent 
infection, the puncture incision is left exposed at its point of 
entrance [32,33]. 

Skin healing is a highly structured physiological process. 
Inflammation, proliferation and maturation are three recipro-
cally overlapping stages of cell interaction [34,35]. This mech-
anism involves endogenous cutaneous MSCs such dermal 
papilla cells and dermal sheath cells. Perivascular pericytes 
and adipose tissue MSCs may function as MSCs in vivo [23]. 
Most trauma instances, such as severe burns and persistent 
ulcers, lack dermal tissue, therefore endogenous cutaneous 
MSCs cannot participate in wound self-repair. Hence, exoge-
nous MSCs are used to repair wounds. MSCs improve wound 
healing and scarring regardless of their source. MSCs are 
interesting therapy alternatives in regenerative medicine and 
have rapidly developed as a cell therapeutic tool for wound 
repair over the past decade because of their extensive differ-
entiation capacity [36]. A few clinical studies involving bone 
marrow-derived MSCs (BMSCs) and other tissue-of-origin 
MSCs employed in animal models provide much of the data 
for MSCs’ wound healing potential [26]. These therapeutic 
trials transplant autologous BMSCs. Bone marrow aspira-
tion, a safe but painful and intrusive operation, can cause 
infection and bleeding. Bone marrow cells also decrease with 
ageing [37]. Therefore, various alternatives such as adipose-
derived stem cells (ADSCs), cutaneous MSCs, amniotic fluid 
and umbilical cord MSCs have been utilized [38]. ADSCs 
and dermal MSCs are abundantly present in adipose and 
skin tissues and can be extracted with minimal invasiveness. 
Moreover, they do not pose any ethical concerns, rendering 
them appropriate substitutes for BMSCs. ADSCs and dermal 

MSCs have been found to possess immunogenic properties 
and the ability to differentiate into BMSCs [39,40]. ADSCs 
have been used to treat burns and ulcers in clinical studies 
[41]. MSCs were found to enhance wound healing in clinical 
studies [37,42]. To date, there is a lack of clinical studies inves-
tigating the efficacy of human amniotic membrane-derived 
mesenchymal stem cells or human umbilical cord-derived 
mesenchymal stem cells in the context of wound healing. 

The present clinical investigations provide positive indica-
tions that treatments based on MSCs are safe and potentially 
efficacious. Furthermore, there is no discernible evidence to 
suggest that any particular MSC tissue origin is superior in 
terms of promoting wound healing [43]. From a biological 
standpoint, it has been demonstrated that MSC-exosomes 
bear a striking resemblance to whole MSCs, indicating that 
they represent the primary paracrine element of MSCs [42]. 
Furthermore, due to the direct interaction of MSC-exosomes 
with recipient cells, they exhibit potent physiological impacts, 
thereby distinguishing them from MSCs. Furthermore, it has 
been observed that MSC-exosomes possess a greater capacity 
for preservation and transportation over extended periods 
of time at a temperature of 70◦C. This is attributed to the 
protective nature of the exosome’s plasma membrane, which 
impedes the degradation of its active constituents. Finally, 
it can be observed that managing variables such as dosage, 
administration method and timing is effortless [44,45]. 

Exosomes derived from MSCs have demonstrated poten-
tial in the healing of wounds. These exosomes possess the 
remarkable capacity to enhance damage repair, facilitate tis-
sue regeneration and expedite wound healing. They have 
the ability to promote the healing of skin wounds, stimu-
late the growth and movement of both normal and chronic 
wounds, and improve the formation of new blood vessels. 
Exosomes derived from MSCs have shown promising results 
in promoting wound healing in various organs, including the 
skin and epidermal wounds [46]. They have been discovered 
to have therapeutic properties in a range of diseases, such 
as wound repair, and are considered as potential agents 
for nano-therapeutics. Studies have indicated that treatments 
utilizing exosomes have been found to enhance the healing 
process of wounds. This is achieved by promoting the growth 
of new blood vessels, facilitating the regeneration of skin 
cells and encouraging the formation of collagen, all while 
minimizing the development of scars. However, more research 
is necessary to gain a complete understanding of their treat-
ment mechanism, effective extraction and separation meth-
ods, and standardized production, before they can be widely 
applied in clinical settings. In the realm of wound healing 
and regenerative medicine, the potential of MSC-exosomes is 
truly remarkable. Ongoing research is poised to amplify their 
clinical application even more [47]. 

Exosome biogenesis In 1983, Stahl et al. identified multiple 
exosomes during the maturation of mammalian reticulocytes, 
which are immature red blood cells [48]. Johnstone and 
colleagues provided the initial description of exosomes in
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1987. Erythrocytes, commonly known as red blood cells, 
are derived from precursor cells known as reticulocytes [49]. 
During the course of this procedure, exosomes demonstrate 
a degree of specificity in eliminating particular proteins from 
the plasma membrane of reticulocytes [50]. Similar to other 
cells found in mammals, reticulocytes regularly undergo the 
process of endocytosis, whereby their plasma membranes 
are internalized to form endosomes. In contrast, alternative 
varieties of endosomes internalize minuscule vesicles contain-
ing fragments of their membranes at a frequency of once 
per hour [51]. The larger endosomes that contain numer-
ous smaller vesicles are commonly known as MVBs [52]. 
The MVBs undergo fusion with the cell membrane, thereby 
facilitating the release of intracellular vesicles into the extra-
cellular milieu. These vesicles are commonly referred to as 
exosomes [53]. 

Exosomes, which are membrane-bound extracellular 
vesicles, are present in the endosomal compartment of the 
majority of eukaryotic cells. MVBs are a type of endosome 
that contain ILVs which extend into the lumen of the 
endosome [54]. The ILVs are secreted as exosomes subsequent 
to their amalgamation with the cellular exterior, specifically 
the plasma membrane [49,55]. 

Blood, urine and cerebrospinal fluid are only a few of 
the biological fluids that include exosomes and other extra-
cellular vehicles (EVs). Exosomes have also been seen to 
be present in tissue matrixes; these exosomes are referred 
to as matrix-bound nanovesicles [56,57]. A cell that was 
cultured has been observed to secrete exosomes into the 
surrounding growth medium. Exosomes are typically smaller 
than other EVs as a result of the size limitation imposed by 
their originating MVBs. Their size varies between 30 and 150 
nm, which is comparable to that of numerous lipoproteins 
and significantly smaller than cells [7,58]. 

Exosome components The average size of exosomes, a 
form of EV, is between 40 and 150 nm. Lipids, proteins, 
RNAs [mRNAs, tRNAs, long noncoding RNAs (lncRNAs), 
mtDNA, miRNAs] and lipid phosphate esters are only 
some of the bioactive compounds found in these cellular 
components [59]. Apart from certain generic molecules, they 
also encompass distinct proteins specific to tissue types, 
which are indicative of their respective origins. Numerous 
cell types, including immune cells, tumor cells and MSCs, 
have been shown to secrete exosomes, and this secretion has 
been quantitatively confirmed. MSC exosomes include a wide 
variety of chemicals, such as mRNAs, miRNAs, cytokines 
and growth factors [60]. There is evidence that exosomes can 
transport miRNAs to induce M2 macrophage polarization. 
He et al. [61] revealed that exosomes produced from bone 
marrow MSCs caused polarization of macrophages toward 
the M2 phenotype; they also reported that miR-223, originat-
ing from MSC exosomes and targeting pknox1, controlled 
the polarization. The results of the study demonstrated that 
miR-181c could successfully inhibit the toll-like receptor 4 
(TLR4) signaling pathway, maintaining the elevated levels 

of TNF-α and IL-1β as well as the reduced levels of IL-
10 in macrophages, which is indicative of M2 polarization. 
In particular, lipopolysaccharide (LPS) preconditioning can 
improve the polarization effects of MSC exosomes. LPS 
pre-exosomes, or exosomes generated from MSCs that 
have been pre-treated with LPS to reduce inflammation 
associated with wound healing, have been shown to have 
more immunotherapeutic potential and activation of M2 
macrophages than untreated MSC-derived exosomes [62]. 
The distinct expression of let-7b in LPS pre-exosomes and 
the let-7b/TLR4/NFκB/STAT3/AKT regulatory signaling 
pathway in macrophages are linked to the heightened impact. 
Furthermore, it has been demonstrated that adipocyte-
derived MSC (ADMSC) exosomes have comparable effects 
on macrophage polarization. ADMSC-exosomes were found 
to have beneficial effects on fibroblasts in Zhang et al.’s 
study [63]. These effects included promoting collagen 
deposition and the expression of growth factors, including 
transforming growth factor-β1 (TGF-β1) and basic fibroblast 
growth factor (bFGF), both in vitro and in vivo, by  
modulating the PI3K/AKT signaling pathway. In addition 
to fibroblasts, BMSC-derived exosomes have the ability 
to inhibit the miR-93-3p/APAF1 axis, which is responsible 
for apoptosis in human immortalized epidermal cells when 
exposed to hydrogen peroxide [64]. Additionally, studies have 
shown that human immortalized epidermal cell migration 
and proliferation might be induced by ADMSC-exosomes via 
Wnt/β-catenin signaling. These suggest that MSC exosomes 
have the ability to quicken the re-epithelization process 
during the period of proliferation [65]. Table 1 shows some 
of the lipid categories in exosomes [66–76]. 

Exosomes have been linked to numerous important physi-
ological and pathological phenomena, including the elimina-
tion of redundant proteins, the presentation of antigens, the 
transmission of genetic material, immune responses, angio-
genesis, inflammation, tumor metastasis, and the dissem-
ination of pathogens or oncogenes [77]. These roles are 
highly congruent with those of the cells from which they 
are derived. The components included within exosomes are 
essential for the aforementioned activities [78]. Exosomes 
are a kind of EV that are tiny in size and contain a wide 
variety of biomolecules. Proteins, nucleic acids like DNA, 
miRNA, lncRNA, mRNA, tRNA and circRNA, and lipids 
like cholesterol all fall within this category. Surface indicators 
including CD63, CD81, CD9, tumor susceptibility gene 101 
protein (TSG101), heat shock 70 kDa protein (HSP70) and 
heat shock 90 kDa protein (HSP90) define exosomes, which 
have a diameter of 30 to 150 nm [79]. 

The biologically active components of exosome cargo 
have been observed to facilitate cellular crosstalk when co-
incubated with recipient cells or delivered to experimental 
animals in vivo, as evidenced by isolated exosomes. This has 
been reported in previous studies [80]. Exosomes exhibit het-
erogeneity in their molecular and genetic composition, which 
is attributed to their cellular origin. Additionally, exosomes 
possess the ability to selectively target recipient cells based
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Table 1. Lipid categories in exosomes 

Characterization of lipid classes Lipid-related enzymes Functional effects Reference 

SM – Triggering calcium influx [66] 
PS – Being involved in exosome fate [67] 
Bis (monoacylglycerol) phosphate – Multivesicular body formation and subsequent 

intraluminal vesicle biogenesis 
[68] 

Cholesterol – Regulating exosome secretion [69] 
Ceramides nSMase2 Sorting cargo into multivesicular bodies [70] 
– sPLA2 IIA , sPLA2 V Prostaglandin biosynthesis [71] 
Arachidonic acid, LPC cPLA2 , iPLA2 Taking membrane curvature into account [72] 
LTA4, LTB4 l, LTC4 LTA4 hydrolase, LTC4 synthase Mobilization of polymorphonuclear leukocytes [73] 
PGE2 PGE synthase Inflammation [74] 
PGE2, 15d-PGJ2 COX-1 , COX-2 Immune suppression, PPARγ ligand [75] 
Phosphatidic acid PLD2 , DGK Increasing exosome production [75,76] 

SM sphingomyelin, PS phosphatidylserine, LPC lysophosphatidylcholine, LT Leukotriene, PGE2 prostaglandin E2, 15d-PGJ2 15-Deoxy-�-12,14-prostaglandin 
J2, nSMase neutral sphingomyelinase 2, sPLA IIA secretory phospholipase A2 IIA, cPLA2 cytosolic phospholipase A2, iPLA2 anti-phospholipase A2, COX-1 
cyclooxygenase, PLD2 phospholipase D2, DGK diacylglycerol kinase 

on specific molecular markers, as directed by the parent 
cell. Exosomes are known to transmit signals to recipient 
cells, which ultimately lead to the reprogramming of the 
cells, whether they are located locally or at a distance [ 80]. 
Although the exact mechanisms underpinning the transport 
and processing of exosome cargo in recipient cells are not yet 
fully understood, they may begin with the binding of ligands 
to cell surface receptors, then continue with the exosome’s 
endocytosis or phagocytosis [81]. By internalizing and deliv-
ering nucleic acids, or by signaling via cognate receptors on 
the exosome surface, exosomes can cause either a loss of 
function or an increase in function in the receiving cell. This 
is supported by previous studies [82]. 

Studies have revealed the presence of ∼1600 proteins in 
exosomes derived from biofluids. Out of these, 300 proteins 
were found to be common in at least two groups, while 
only two proteins were shared by more than four groups, as 
reported in [55]. 

According to recent research, a total of 860 proteins have 
been detected, with ∼ 110 of them being present in two or 
more groups. Furthermore, six proteins have been found to 
be shared by more than five groups, as reported in [83]. The 
presence of a significant quantity of membrane proteins is 
apparent among these ubiquitous proteins, including those 
found in the cytoplasm. Tetraspanins are primarily linked 
with exosomes. The proteomic investigations also suggest 
potential physiological functions of exosomes. Exosomal pro-
teins discharged by cultured human keratinocytes have the 
potential to act as factors that modulate the ECM of dermal 
fibroblasts, as evidenced by previous research [19]. According 
to estimates, exosomes, despite constituting a minor fraction 
of the overall plasma proteome, contain a plethora of proteins 
that have been modified under diverse pathological circum-
stances [84]. 

Following the application of proteomics detection tech-
niques to MSC-exosomes and subsequent pathway enrich-
ment analysis, it was determined that the proteins present 

in exosomes were primarily associated with functions such 
as heparin binding, phospholipid binding, integrin, immune 
response and cell adhesion [69]. 

Exosomes have the capability to transport mRNAs and 
miRNAs, which can potentially modify the destiny of the 
cells that receive them, in addition to their protein delivery 
function. Upon uptake by human brain endothelial cells of 
exosomes derived from glioblastoma cells, mRNA molecules 
are translated and subsequent tubule formation is stimulated 
[70]. The investigation of mRNA levels has been conducted 
on exosomes that originate from human breast milk. miR-
NAs that have been linked to immune regulatory functions 
exhibit elevated expression during the initial half-year of 
lactation, but experience a notable decline during subsequent 
stages [85,86]. 

According to existing knowledge, exosomes derived from 
breast milk are believed to play a role in regulating the 
development of the immune system in infants [87]. Moreover, 
exosomes possess the capability to disseminate pathogens 
from one cell to another, as evidenced by the transfer of 
miRNAs from Epstein Barr virus-infected cells to uninfected 
recipient cells via exosomes [88]. Exosomes that are secreted 
from tumor cells have the potential to disseminate oncogenes 
[89]. This results in the transmission of oncogenic properties 
to recipient cells, thereby serving as a crucial element in the 
process of tumor metastasis. In addition to their known func-
tions, it has been suggested that RNAs present in exosomes 
could serve as potential diagnostic indicators for a range of 
medical conditions. The identification of distinct expression 
patterns of serum miRNAs in lung cancer, colorectal can-
cer and diabetes has demonstrated the potential of serum 
miRNAs as biomarkers for the detection of diverse diseases, 
including cancers [90]. 

Furthermore, the utilization of deep sequencing was 
employed to gain a more comprehensive understanding of 
the expression and profiles of miRNAs within exosomes 
derived from human MSCs. The let-7 family of MSCs derived
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from human embryos has been observed to have a broad 
distribution and is linked to the self-renewal properties of 
stem cells. Recent studies have investigated novel therapeutic 
targets and strategies for managing acute leukemia through 
comparative analysis of miRNA expression variations in 
exosomes obtained from bone marrow MSCs of individuals 
with acute leukemia and those of healthy individuals [91]. 

In addition to sequencing miRNAs, the researchers used 
network analysis to learn more about the genes and pathways 
that these molecules regulate. Genes targeted by miRNAs 
were shown to have strong ties to heart repair, regener-
ation and angiogenesis. Wnt signaling, pro-fibrotic signal-
ing through TGF-stimulation, platelet-derived growth factor 
(PDGF), proliferation and apoptosis are major pathways 
involved in this process [92]. 

Exosomes are found to be abundant with specific raft-
associated lipids, including cholesterol, ceramide and phos-
phoglycerates, as well as long and saturated fatty-acyl chains, 
in addition to proteins and RNAs. There exist indications that 
exosomes have the capability to transport prostaglandins to 
specific target cells [93]. 

Exosomes derived from MSCs were initially studied in 
2010 using a mouse model of myocardial ischemia/reper-
fusion injury [63]. Subsequently, their efficacy was evalu-
ated in various disease models. According to research, it 
has been demonstrated that MSCs are capable of generat-
ing a greater quantity of exosomes in comparison to other 
cell types, including myoblasts, the human acute monocytic 
leukemia cell line (THP-1) and the human embryonic kidney 
cell line [94], among others [95]. Exosomes derived from 
MSCs exhibit no discernible distinctions in their morpholog-
ical characteristics, isolation techniques and storage require-
ments when compared with those derived from alternative 
sources. Regarding identification, exosomes derived from 
MSCs express both typical exosomal surface markers, such as 
CD9 and CD81, as well as certain adhesion molecules, namely 
CD29, CD44 and CD73, which are present on the MSC 
membrane. As with exosomes derived from other sources, the 
protein constituents of exosomes derived from MSCs exhibit 
variability when isolated from the conditioned media (CM) 
of different MSC batches. The liquid chromatography–mass 
spectrometry/mass spectrometry technique was employed to 
detect unique proteins in three distinct batches of exosomes 
derived from MSCs. The results indicate that 379, 432 and 
420 unique proteins were detected, with only 154 proteins 
being common among them [45]. The functional clustering 
of these proteins indicates that exosomes possess the capabil-
ity to facilitate numerous biological processes. This concept 
aligns with the documented effectiveness of MSCs in manag-
ing various medical conditions. The presence of proteasome 
subunits in exosomes derived from MSCs has been reported 
in the literature [96]. The study reveals a decrease in the 
buildup of misfolded proteins or oligomers in the cardiac 
tissues of a murine model of myocardial ischemia/reperfusion 
injury subsequent to the administration of exosomes derived 
from MSCs. Moreover, the complete set of proteins present 

in a 20S proteasome has been identified with a high level 
of certainty through the utilization of mass spectrometry in 
the analysis of exosomes derived from MSCs. The degra-
dation of intracellular oxidatively damaged proteins, which 
may contribute to the cardioprotective activity of MSC-
derived exosomes, is attributed to the 20S proteasome. This 
has been reported in the literature [97]. An investigation of 
miRNAs present in exosomes derived from MSCs was also 
conducted. The study has revealed that the miRNAs that are 
enclosed within microparticles derived from MSCs are pri-
marily present in their precursor state [83]. The microparticles 
in question exhibit a hydrodynamic radius of 55–65 nm, indi-
cating that they may be classified as exosomes. MSCs have 
the potential to induce various biological effects in neigh-
boring cells via the secretion of miRNAs in exosomes. The 
complete abolition of the renal protective effect of MSC-CM 
is observed upon pretreatment with RNase [44]. The admin-
istration of MSC-derived exosomes to neurons and astrocytes 
results in the upregulation of miR-133b within these cells, 
thereby facilitating the restoration of function in individuals 
with Parkinson’s disease and spinal cord injury. The afore-
mentioned discovery implies that MSCs are involved in the 
regulation of neurite outgrowth through the transmission of 
miR-133b to neurons and astrocytes by means of exosome 
secretion [98]. Details of microvesicles and exosomes are 
given in Table 2 [99–106]. 

Assimilation of exosomes The investigation of a particu-
lar target for exosomes is presently underway. The mecha-
nism responsible for the targeting of exosomes is commonly 
attributed to the processes of micropinocytosis and pro-
tein, sugar and lipid docking. The exosomes are internalized 
by the recipient cell and subsequently released through its 
endosomes [107]. 

Organizing cargoes into exosomes and packaging them 
Exosomes contain nucleic acids, proteins and lipids. Exo-
somes employ a distinct technique for the arrangement and 
encapsulation of cargoes. Exosomes selectively incorporate 
exosomal miRNAs and proteins based on the specific cell 
type and cellular conditions [91]. Exosomes contain miRNA 
with a conserved GGAG motif known as an EXOmotif, 
which is not present in cytosolic cell-packaged miRNA. 
Exosomes are known to contain miRNAs that are packaged 
through the involvement of sumoylated heterogeneous 
nuclear riboprotein A2B1 [57]. In addition to ESCRT and 
tertraspanins, proteins are stored in lipid-dependent com-
partments [108]. Exosomes exhibit a higher concentration 
of cholesterol, sphingomyelin, saturated phosphatidylcholine 
and phosphatidylethanolamine in comparison to the plasma 
membrane of the cell [109]. 

Exosomes are known to contain a variety of biomolecules 
such as RNA, proteins, lipids and metabolites, which can 
provide insights into the cellular origin of these extracellular 
vesicles. Exosomes are frequently subjected to extensive pro-
teomics and transcriptomics analyses owing to their elevated
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Table 2. Micro vesicles and exosomes 

Characteristics Apoptotic body Microvesicle Exosome Reference 

Markers Positive for permeability in 
membranes (PI) 
Chromatin, DNA, and Annexin V 

Having a tight membrane 
(a negative PI test) flotillin-2, 
selectin and integrin 

CD63, TSG101, Alix and flottilin 
are all PI-negative 
membrane-impermeable proteins 

[99] 

Indicator of controlled 
content 

The cellular origin and stimuli Direct correlations do not exist Origins and physiological states of 
cells 

[100] 

Lipids Externalization of 
phosphatidylserine characterizes 
this species 

Plasma membrane lipids provide 
the primary source of lipids, and 
the lipid content resembles that 
of parental cells (without BMP) 

Lipid molecules are sorted out of 
parental cells (including BMPs) 

[101] 

Density 1.16–1.28 g/ml 1.13–1.19 g/ml 1.13–1.19 g/ml [102] 
Size Heterogeneous 

1–5 μm 
Heterogeneous 
100–1000 nm 

Homologous 
30–100 nm 

[103] 

Mechanism of release Rho-associated kinase I and 
myosin ATPase activity 

Membrane curvature, 
phospholipid relocation, 
cytoskeleton rearrangements, 
and vesicle release are all 
involved in the process 

The type of cellular origin 
determines whether it is constitutive 
or induced 

[104] 

Detection methods Flow cytometry, electron 
microscopy 

Flow cytometry, electron 
microscopy 

Exosome-enriched marker western 
blotting and electron microscopy 

[88] 

Isolation methods Ultracentrifugation 
(10,000–20,000 × g) 

No standardized methods Filtration using density gradient and 
ultracentrifugation 
(100,000–200,000 g). Exo-Quick 
precipitation, immunoprecipitation 
and immune affinity capture 

[88] 

Identifying and quantifying 
sizes 

Surface plasmon resonance, 
nanoparticle tracking and dynamic 
light scattering 

[105] 

Origin Apoptosis-related plasma 
membrane blebbing and cellular 
debris 

Plasma membrane protrusions 
that grow directly outward 

The joining of multicellular vesicles 
to a plasma membrane 

[106] 

protein, RNA and lipid composition [ 110]. FunRich is a 
software application that is not intended for commercial 
purposes and can be utilized for the purpose of identifying 
over-represented clusters of molecules from a given dataset. 
The advancement of next-generation sequencing technologies 
has expedited the study of exosomes, in addition to cancer 
research. A recent study has revealed that there is an associa-
tion between exosomes derived from Trypanosoma cruzi and 
a diverse range of significant gene products. This enhances 
the likelihood of identifying biomarkers for Chagas disease 
through the utilization of bioinformatics analysis [111]. 

The potential of exosomes as therapeutics is becoming 
more evident due to their ability to induce robust cellular 
responses both in vitro and in vivo. Exosomes have been 
found to promote regenerative effects in cases of injury and 
disease that are similar to the biological activity observed in 
stem cells. Several signaling pathways, namely Akt, ERK and 
STAT3, are implicated in the process of wound healing and 
bone fracture repair [112]. Mesenchymal stem cell-derived 
extracellular vesicles (MSC-Exos) have been demonstrated to 
modulate immunity-mediated responses and inflammation. 
The aforementioned factors are known to induce the expres-
sion of various growth factors, including but not limited 
to hepatocyte growth factor, insulin-like growth factor-1, 

nerve growth factor [89] and stromal-derived growth factor-
1 [113]. The proangiogenic properties of human circulating 
fibrocyte exosomes were observed in vitro. Additionally, these 
exosomes were found to activate diabetic dermal fibroblasts, 
stimulate the migration and proliferation of diabetic ker-
atinocytes and accelerate wound closure in diabetic mice. 
Mesenchymal progenitor cells secrete exosomes that have 
a significant impact on the process of wound healing by 
means of paracrine signaling [114]. The exosomal cargo pri-
marily consisted of various components, including HSP-90α, 
both total and activated signal transducers and activators 
of transcription 3, proangiogenic miRNAs such as miR-126, 
miR-130a and miR-132, anti-inflammatory miRNAs such 
as miR-124a and miR-125b, and a miRNA that regulates 
collagen deposition, namely miR-21 [115]. The administra-
tion of human exosomes to rat wounds was observed to 
be associated with accelerated wound healing, specifically 
due to the application of oral keratinocyte exosomes. The 
utilization of exosomes as a delivery mechanism for siRNA 
has demonstrated a certain level of efficacy, owing to their 
presence in the endogenous system of the body and their 
high tolerance. Several clinical trials have utilized exosomes 
derived from patients as a cancer immunotherapy interven-
tion in experimental settings [116].
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Exosomes are considered to be efficient drug carriers as a 
result of their cellular membranes and multiple adhesive pro-
teins on their surfaces, which enable them to deliver various 
therapeutic agents to target cells. Exosomes were utilized as a 
delivery mechanism for the pharmaceutical agent paclitaxel. 
Resistant lung cancer was induced in mice, and subsequently, 
exosomes derived from white blood cells containing the drug 
were administered via injection [74]. 

Exosome components implicated in wound infection 
healing 
Wounds or injuries are the result of various forms of physical 
damage to the skin, such as scratching, tearing, cutting, pierc-
ing or trauma. Despite the outward appearance of healthy 
skin, there may be the underlying presence of red or bruised 
marks. The term “wound” is commonly used to refer to 
the disruption of intercellular connections within the skin 
or flesh. In the realm of medical terminology, wounds are 
classified into two distinct categories: closed and open. Open 
wounds encompass injuries such as cuts and skin tears, while 
closed wounds refer to internal damage such as bruises. The 
colonization of bacteria in a wound is the primary cause 
of infection. The occurrence of a wound infection can be 
attributed to various bacterial strains such as P. aeruginosa, 
Escherichia coli, Proteus mirabilis, Acinetobacter baumannii/ 
haemolyticus, Streptococcus and S. aureus [94,108]. 

Several wound treatment modalities have been suggested, 
including pharmacotherapy, cellular therapy, extracorporeal 
shock wave therapy, negative pressure wound therapy, electri-
cal stimulation therapy and light therapy. Despite the imple-
mentation of numerous preventative measures, a variety of 
complications may arise during both exogenous and endoge-
nous processes. Furthermore, the emergence of secondary 
infections has an adverse impact on the overall health status 
of the patient, leading to extended hospital stays and recovery 
periods, and substantially augmenting the expenses associ-
ated with medical care [117]. 

The prevalence of drug-resistant bacteria and diseases 
such as diabetes mellitus, which predispose to chronic infec-
tion, have contributed to the persistence of wound infec-
tions as a significant cause of morbidity and mortality in 
patients [118]. Infections that exhibit the formation of bacte-
rial biofilms, commonly observed on the exterior of implants 
including catheters, orthopedic devices or partially devital-
ized tissues, pose a significant challenge for treatment with 
antibiotics alone. Such infections often necessitate prolonged 
and continuous therapy spanning several weeks to months 
[63,96,112,119]. 

Previous research has established that MSCs possess 
antimicrobial properties. Both direct and indirect effects 
have been demonstrated. Studies have demonstrated that 
MSCs possess the ability to release antimicrobial peptides 
such as cathelicidins, lipocalin-2 and beta-defensins. Several 
studies have demonstrated that the secretion of cathelicidin 
LL-37 by MSCs can be augmented by bacterial products, 
suggesting that MSCs have the ability to increase their 

antimicrobial activity in the presence of an infection. It has 
been shown that MSCs possess the ability to engage with 
the innate immune system of the host, thereby augmenting 
the antibacterial activity. Numerous studies have exhibited 
heightened phagocytic and bactericidal capabilities of 
monocytes and neutrophils subsequent to exposure to factors 
secreted by MSCs. Additionally, it has been noted that MSCs 
possess the ability to mitigate inflammation in models of 
sepsis [120,121]. 

ADSC exosomes (ADSC-Exos), a recently developed 
biotechnology, have demonstrated significant advancements 
in various domains, particularly in the area of cutaneous 
wound healing. In contrast to auxiliary maintenance modes 
observed in certain conventional therapies, ADSC-Exos pri-
marily facilitate wound healing by stimulating the activation 
of wound-healing mechanisms [122]. The process of skin 
wound repair involves a sequence of cellular interactions 
and reactions with various mediators. Despite the fact that 
there is still a significant amount of information yet to be 
discovered regarding the fundamental mechanisms of skin 
repair, a growing number of in vivo and in vitro experimental 
studies are revealing the effectiveness and safety of ADSC-
Exos in the process of skin repair [123]. In the context of 
ischemia, inflammation represents the initial response among 
the four classic wound repair mechanisms. The initial stages 
of wound healing are marked by a range of inflammatory 
reactions, such as hyperemia, serous exudation and the 
infiltration of leukocytes. A moderate inflammatory response 
is advantageous for tissue repair as it aids in the removal 
of cell debris, fights infection and eliminates inflammatory 
factors. Chronic wounds have been found to be linked with an 
unfavorable inflammatory milieu [112]. Exosomes released 
by MSCs have been found to play a role in the regulation 
of inflammatory responses. Exosomes containing proteins 
and RNA have been observed to exert a notable influence 
on the regulation of inflammation. MSC-Exos have been 
found to possess a significantly elevated concentration of 
miR-223. A study conducted by Wang et al. [53] revealed 
that exosome release was linked to MSC-induced cardio-
protection, wherein exosomes derived from WT-MSCs were 
utilized. The study found that the overexpression of miR-
181c in exosomes derived from human umbilical cord 
mesenchymal stem cells (hUCMSC) led to a reduction in 
inflammation in rats with burn injuries. This was achieved 
through the downregulation of the LPS-induced TLR4 
signaling pathway. The administration of MSC-Exos via 
intravenous injection in a model of dilated cardiomyopathy 
was observed to have a mitigating effect on the activation of 
macrophages, which was previously mediated by the JAK2-
STAT6 pathway. Under specific preconditioning conditions, 
MSCs exhibit a noteworthy enhancement in their paracrine 
effect, leading to a reduction in the expression of inflam-
matory factors and an improvement in the inflammatory 
microenvironment. The study examined the efficacy of 
LPS preExos, derived from MSCs, in addressing chronic 
inflammation and wound healing. The findings indicated
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that LPS preExos exhibited superior anti-inflammatory 
properties compared to un-Exos. The LPS preExos facilitated 
macrophage polarization and resolved chronic inflammation 
by interacting with the let7b/TLR4 pathway. Furthermore, 
the transfer of miR-146a via exosomes, which is a widely 
recognized anti-inflammatory miRNA, resulted in enhanced 
immunomodulatory effectiveness of hUCMSCs that had 
been pre-treated with IL-1β) [87]. The aforementioned 
discoveries present novel avenues for further investigation 
and practical implementation of exosomes within this domain 
[63]. MSCs and ADSCs exhibit comparable attributes. 
Several studies have shown the efficacy of allogeneic adipose 
tissue-derived mesenchymal stem cell conditioning media 
(ADSC-CM) in restoring inflammation balance in immuno-
compromised obese individuals. It was found that ADSC-
CM was effective in counteracting persistent inflammation 
in the study. ADSC-Exos are also capable of reducing the 
production of inflammatory mediators, thus alleviating 
the effects of osteoarthritis. ADSC-Exos inhibit senescence-
associated galactosidase activity, which is a significant factor 
contributing to the development of osteoarthritis. In spite of 
the lack of available evidence indicating that skin wounds 
can be healed, the results presented here suggest a potential 
treatment avenue for ADSC-Exos [37,48,49]. 

Wound angiogenesis 
Wound angiogenesis plays a critical role in the process of 
wound healing. During the wound healing process, granula-
tion tissue is formed as slender-walled capillary buds develop 
and fibroblasts proliferate. This formation is encapsulated or 
organized by necrosis, thrombosis, inflammatory exudates, 
and other foreign bodies. This results in the formation of a 
matrix that facilitates the migration of keratinocytes [124]. 
Sufficient vascularization is essential for the successful regen-
eration of healthy tissue, as it facilitates the provision of vital 
nutrients, oxygen and pathways for cellular migration [125]. 
Angiogenesis is dependent on ADSCs. Exosomes are mainly 
responsible for ADSC angiogenesis. There is evidence that the 
most conserved ASC secretome proteins are detected when 
differentiating or pro-inflammatory stimuli are present in 
exosome studies [126]. Cell stimulation controls the protein 
content of exosomes, depending on the original cells. The 
angiogenic stimulators vascular endothelial growth factor A 
and FGF2, especially b-FGF, are well acknowledged. Overex-
pression of nuclear factor-E2-related factor 2 by ADSC-Exos 
decreased ulcerated regions in a rat model of diabetic foot 
ulcers and promoted endothelial progenitor cell proliferation 
and angiogenesis. This provides supporting evidence for the 
therapeutic potential of exosomes produced from ADSCs in 
the management of diabetic foot ulcers. Human microvas-
cular endothelial cells showed the development of a long-
lasting vascular-like structure within 48 h of EV stimulation 
after being exposed to free-EV supernatant or stimulated with 
adipose-derived EVs following PDGF stimulation in vitro. 
The difference between the experimental and control groups 
was large enough to be considered statistically significant. 

Previous studies have suggested that ADSC-derived EVs could 
improve human microvascular endothelial cells’ angiogenic 
capacity in vivo [127]. 

The therapeutic mechanism of MSC-Exos in wound angio-
genesis involves their ability to promote enhanced vascular-
ization and angiogenesis, which are essential for the wound 
healing process. MSC-Exos have been shown to induce angio-
genesis through the secretion of pro-angiogenic factors, such 
as vascular endothelial growth factor, FGF-2, hepatocyte 
growth factor and PDGF-BB. Additionally, MSC-Exos have 
been reported to enhance angiogenesis via the AKT/endothe-
lial nitric oxide synthase pathway, leading to the development 
of new blood vessels in the wound site. These properties of 
MSC-Exos make them a promising therapeutic option for 
promoting wound angiogenesis and accelerating the heal-
ing process. As a result of the subcutaneous injection of 
ADSC EVs into male severe combined immunodeficiency 
mice, human microvascular endothelial cells were signifi-
cantly more able to form new blood vessels after a 10-day pre-
stimulation period [128]. Human microvascular endothelial 
cells injected with ASC-EVs enhanced angiogenic potential 
after pre-stimulation with ASCs for 10 days [129]. The study 
yielded findings indicating that ASC-EVs are equipped with 
angiogenic factors, including but not limited to MMPs, MFG-
E8, ANGPTL1 and thrombopoietin. The production of EVs 
is augmented by PDGF, which also regulates the levels of 
proangiogenic and antiangiogenic factors present in EVs that 
are discharged from ASCs. These EVs are responsible for pro-
moting angiogenic activity, as per the findings of a previous 
study [83]. The miRNAs found in ASC-released MVs have 
been observed to participate in the proangiogenic process in 
human umbilical vein endothelial cells [130]. Angiogenesis, 
the process by which new blood vessels are formed, may be 
stimulated by using MVs generated by stem cells, as shown in 
[65]. miR-125a was shown to be concentrated in ADSC-Exos 
and then transported to endothelial cells, as reported by Liang 
et al. Delta-like 4 expression was suppressed as a consequence 
and angiogenesis was modulated by promoting endothelial 
tip development [131]. IL-6 levels exhibited an elevation 
in skin flaps sourced from ADSC-Exos in the context of 
ischemia/reperfusion [132]. Furthermore, IL-6 facilitates the 
process of angiogenesis in addition to its role in promoting 
flap recovery. The findings suggest that ADSC-Exos exhibit 
potential as a viable option for promoting wound angio-
genesis. However, it is imperative to clarify their protein 
composition [133]. 

Wound proliferation 
Cellular proliferation, migration, proteoglycan synthesis, 
and the production of type 1 and type 3 procollagen 
are essential characteristics of wound healing. During this 
stage, the formation of new tissue occurs [134]. Matrix 
proteins facilitate cellular attachment and repair by creating 
an extracellular environment, which enables epithelial 
cells to migrate from the periphery to the site of injury 
[135]. During this phase, the synthesis and deposition of
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the ECM takes place. Re-epithelialization, a significant 
occurrence in the formation of new tissue, is brought about 
by an interaction between epithelial and stromal cells. The 
process of ECM deposition and remodeling is significantly 
facilitated by skin fibroblasts [136]. Fibroblasts differentiate 
into myofibroblasts when prompted by other cells. Both 
normal and diabetic chronic wound fibroblasts had their 
proliferation and migration boosted by MSC-Exos, and 
this effect was found to be dosage dependent. In contrast, 
MSC-CM deficient in exosomes did not show the same 
impact [137]. The connection between ASC exosomes and 
wound healing was investigated by Hu et al. in a rat model. 
Labeled ADSCs-Exos may be taken up by fibroblasts, as 
shown by in vitro tracking tests. Protein expression of 
N-cadherin, cyclin-1, PCNA, collagen I and III, and elastin 
was significantly upregulated after exposure to ADSC-Exos, 
as determined by Masson’s staining, immunohistochemistry 
and quantitative RT-PCR. Based on these results, exosomes 
appear to aid in the earliest phases of the wound-healing 
process. Recent research suggests that exosomes may impede 
collagen formation [138]. MSC-Exos play a crucial role in 
promoting wound proliferation through various mechanisms. 
These exosomes have been shown to promote enhanced cell 
migration, proliferation, and migration of epithelial cells and 
fibroblasts, which are essential for the proliferative phase 
of wound healing. Additionally, they induce angiogenesis, 
which further supports tissue proliferation and regeneration. 
Furthermore, MSC-Exos have been reported to accelerate 
wound healing at various phases, including the proliferative 
stage, and have the ability to improve scars. By regulating 
the different stages of wound healing, MSC-Exos effectively 
reduce tissue inflammation, promote enhanced cell migration 
and promote proliferation, thereby contributing to the overall 
wound healing process. Therefore, the therapeutic mechanism 
of MSC-Exos in wound proliferation involves their ability 
to modulate various aspects of the wound healing process, 
ultimately promoting enhanced cell proliferation, migration 
and tissue regeneration [14,139]. As per the findings, the 
administration of intravenous injections is observed to have 
a greater impact on wound healing in comparison to local 
injections, which is contrary to the anticipated outcome 
[140]. The distribution of exosomes was found to be higher 
in the vicinity of inguinal wounds with an adipose tissue 
layer as opposed to dorsal wounds lacking such a layer. What 
is the composition of exosomes? Studies have shown that 
exosomes that are isolated from ADSC have the ability to 
induce HDF cell migration and angiogenesis in the context 
of wound healing in a rat model of ischemic wound healing, 
as well as in in vitro scratch assays and ECIS assays. This 
phenomenon is found to be dependent on the presence of 
MALAT1, an alpha-nucleotide RNA that has a significant 
association with metastasis in patients with lung cancer 
[49,141]. Therapeutically useful lncRNAs are present in 
exosomes. Exposure to adipose-derived MSC-EVs increases 
keratinocyte and fibroblast proliferation, migration and AKT 
activation, according to research [142]. The study showed 

that using a gel containing MSC-EVs produced from adipose 
tissue accelerated wound healing in an animal model. The 
contents of exocrine bodies are varied and incompletely 
described [143,144]. 

Wound remodeling 
The process of ECM remodeling generally spans a duration 
ranging from 2 weeks to 1 year. The phases in the 
process of wound remodeling significantly influence the 
reorganization and production of ECM, which in turn plays 
a major role in determining scarring [145]. During the 
advanced phases of wound healing, it has been observed 
that effector cells undergo apoptosis, collagen III is replaced 
by collagen I, matrix metalloprotease degradation occurs 
and the synthesis of other ECM proteins takes place [146]. 
MSC-Exos play a significant role in wound remodeling 
through various mechanisms. These exosomes have been 
shown to accelerate wound healing at different phases, 
including the remodeling stage, and even have the ability to 
improve scars. They achieve this by promoting enhanced cell 
migration, proliferation and angiogenesis, which are essential 
for tissue remodeling and regeneration. Additionally, MSC-
Exos have been reported to have anti-fibrotic effects and 
to modulate the expression of genes associated with tissue 
remodeling, ultimately contributing to improved wound 
healing outcomes. Therefore, the therapeutic mechanism 
of MSC-Exos in wound remodeling involves their ability 
to modulate various aspects of the wound healing process, 
ultimately promoting enhanced tissue regeneration and scar 
improvement [147,148]. 

In an experimental environment, ADSC-EVs and bone 
marrow EVs were injected intradermally into a wound heal-
ing model by Pelizzo in 2018 [149]. ADSC-Exos inoculation 
was followed by the appearance of regenerated connective 
tissue, intact epithelium, dermal papillae and cutaneous 
annexes [138]. Intravenous administration of ADSC-Exos 
was used in a mouse model with a full-thickness dorsal 
wound. In addition to suppressing fibroblast development 
into myofibroblasts and granulation tissue formation, ADSC-
Exos have been shown to increase the ratio of collagen III to 
collagen I in vivo. Exosomes’ ability to regulate the ECM 
has been linked to their ability to promote scar-free skin 
regeneration. Activation of the ERK/MAPK pathway in skin 
dermal fibroblasts raised the MMP3/TIMP1 ratio [14]. Both 
in vitro and in vivo evidence supports the use of ASCs-Exos 
for the treatment of soft tissue wounds. Across the board in 
wound healing, ADSC-Exos demonstrate a synergistic and 
complimentary role. To determine the efficacy of ADSC-
Exos, it is necessary to undertake large-scale prospec-
tive, randomized, blinded and placebo-controlled clinical 
studies [150–152]. 

Exosome components implicated in bacterial wound 
infection 
Wound healing with exosomes produced by MSCs is an 
area that shows great potential. The possible advantages of
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modified MSC-Exos in the area of wound healing are the 
focus of current research. Recent studies have shown that 
MSC-Exos may help speed up the healing process for skin 
wounds by increasing the production of new blood vessels, 
facilitating the migration of existing ones, and stimulating 
the growth of both acute and chronic wounds. There is 
promising evidence that loading MSC-Exos with biomate-
rials can increase concentration, bring about the intended 
therapeutic benefits and guarantee a longer release [87,153]. 
The efficacy of MSC-Exos in wound healing has been well-
documented, and MSC-Exos engineered through bioengineer-
ing show promise as a wound treatment. Research has shown 
that bioengineered MSC-Exos can improve the healing and 
regeneration of skin lesions, for instance. Discoveries have 
been made about the ability of exosomes produced by MSCs 
to control the inflammatory response to wounds and expedite 
their recovery. BMSCs and ADSCs are two other types of 
stem cells that can aid in wound healing. In addition to 
skin and epidermal wounds, MSC-Exos have been used for 
wound healing in other organs as well. Continuous research 
is being conducted to enhance the therapeutic application of 
MSC-Exos, which have great promise for personalized and 
regenerative medicine [154,155]. 

MSC treatment improves neutrophil migration and 
phagocytic activities, which leads to better bacterial clear-
ance. The stimulation of cytokines including IL-6, IL-
8 and granulocyte-macrophage colony-stimulating factor 
accomplishes this. Together, these chemicals eradicate the 
infection and facilitate tissue regeneration, as seen by the 
healing of wounds [156]. 

As mentioned before, skin wound healing is a complex 
process that includes several stages, including inflam-
mation, remodeling, proliferation and homeostasis. It is 
well recognized that MSCs contribute to every stage of 
the wound-healing process, offering potential therapeutic 
advantages [157]. 

Antimicrobial peptides (AMPs) can be produced by MSCs 
as well. AMPs either destroy bacteria directly by rupturing 
their membranes or indirectly by causing the production of 
cytokines that promote inflammation. MSCs secrete a range 
of AMPs, including lipocalin 2, β-defensin 2, hepcidin and the 
cathelicidin peptide LL-37 [158]. These AMPs are thought 
to be essential modulators of MSCs’ therapeutic potential 
to eradicate bacterial infections. MSCs can secrete PGE2, 
IL-6, IL-8 and IFN-β, among other things, which have the 
direct effect of influencing the immunological characteristics 
of neutrophils and macrophages [159]. 

Additionally, the antimicrobial properties of exosomes 
generated by MSCs accelerate the healing of diabetic foot 
ulcers. Exosomes contain both inert and physiologically 
active components, including proteins, growth factors and 
nucleic acids. MSC-exosomes reduce the elimination of 
microorganisms by augmenting neutrophil migration and 
phagocytic potential via increased levels of IL-6, IL-8 
and granulocyte-macrophage colony-stimulating factor. As 
the wound-healing process demonstrates, these chemicals 

eventually aid in the removal of the infection and encourage 
tissue regeneration [87,160]. 

Additionally, MSCs are essential for controlling the 
immune system and eliminating harmful microbes. A 
number of notable AMPs, including as LL-37, β-defensin-
2, cathelicidin, hepcidin and lipocalin-2, are known to 
be produced by MSCs. These peptides have an impact 
on MSC migration, proliferation control and regeneration 
activities. In a similar vein, MSCs overexpress IL-17 and 
indoleamine-2,3-dioxygenase. Strong antimicrobial action 
of indoleamine-2,3-dioxygenase is demonstrated against a 
wide range of pathogens, including viruses (cytomegalovirus, 
herpes simplex virus), bacteria (S. aureus, Staphylococcus 
epidermidis, group B streptococci and Enterococcus faecium) 
and parasite infections (Toxoplasma gondii). According to 
the findings of an investigation, MSCs can increase the 
antimicrobial potential of horse keratocytes by encouraging 
AMP expression through CCL2 production [161]. 

As a result of their immunomodulatory and anti-
inflammatory properties, ADSC-Exos play an important 
role in preventing local inflammation and necrosis [130]. 
ADSC-Exos suppress T cell proliferation and inflammatory 
factor secretion by blocking the differentiation and activation 
of T cells. According to the results of several studies, 
ADSC-Exos are in charge of controlling the phenotypic 
polarization of macrophages, which is how they bring about 
a decrease in adipose inflammation and obesity [128]. 
Furthermore, it is noteworthy that ADSC-Exos are comprised 
of miRNAs, which are a class of small, endogenous, non-
coding nucleotides that play a regulatory role in metabolism 
and growth. According to a recent study, miRNA-451a was 
discovered to be enriched in ADSC-Exos, leading to the 
downregulation of macrophage migration inhibitory factor 
(MIF) and promoting macrophage polarization between 
M1  and M2 [156]. MIF is a pro-inflammatory mediator 
that controls immunity in vivo and has a wide range 
of effects. IL-6 and tumor necrosis factor alpha are two 
inflammatory mediators that are suppressed when MIF 
levels are raised. Improvements in arthritis and cartilage 
degradation can be achieved by decreasing inflammation. 
The immune-modulatory proteins retinol-binding protein 4 
and macrophage colony-stimulating factor are also produced 
by ADSC-Exos [162]. As soon as cells are destroyed by 
macrophages, proteolytic enzymes are released, which in turn 
degrade necrotic tissue and debris, facilitating the healing 
of wounds. Specifically, ADSC-Exos appear to aid wound 
healing in diabetic foot ulcer rats overexpressing nuclear 
factor-E2-related factor 2, and oxidative stress-related 
inflammatory cytokines and proteins are reduced [163]. 
ADSC-Exos exhibit analogous characteristics to those of their 
progenitors. They upregulate inflammation and angiogenesis, 
thereby enhancing graft retention. In addition to inducing 
pro-inflammatory macrophage inflammation, ADSC-Exos 
upregulate the expression of monocyte chemoattractant 
protein-1 and macrophage inflammatory protein-1. Further 
research is required to investigate the potential of ADSC-Exos
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in modulating immune function and mitigating inflammation 
in chronic wounds [84]. 

Conclusions 
The chronic wound healing process entails a multitude of 
factors that operate in a closely coordinated series of steps. 
ADSC-Exos exhibit promising potential as a therapeutic 
intervention for chronic wounds due to their ability to 
mitigate oxidative stress, promote neovascularization, induce 
collagen deposition and minimize scarring. Based on the 
findings in this particular area of study, it is anticipated 
that ADSC-Exos may have the potential for treating a broad 
spectrum of illnesses, thereby serving as therapeutic agents 
for various maladies in the future. 
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73. Mańka R, Janas P, Sapoń K, Janas T, Janas T. Role of RNA 
motifs in RNA interaction with membrane lipid rafts: implica-
tions for therapeutic applications of exosomal RNAs. Int J Mol 
Sci. 2021;22:9416. 

74. Hullin-Matsuda F, Colosetti P, Rabia M, Luquain-Costaz 
C, Delton I. Exosomal lipids from membrane organization 
to biomarkers: focus on an endolysosomal-specific lipid. 
Biochimie. 2022;203:77–92. 

75. Tenchov R, Sasso JM, Wang X, Liaw W-S, Chen C-A, 
Zhou QA. Exosomes— Nature’s lipid nanoparticles, a rising 
star in drug delivery and diagnostics. ACS Nano. 2022;16: 
17802–46. 

76. Biadglegne F, Schmidt JR, Engel KM, Lehmann J, Lehmann 
RT, Reinert A, et al. Mycobacterium tuberculosis affects pro-
tein and lipid content of circulating exosomes in infected 
patients depending on tuberculosis disease state. Biomedicines. 
2022;10:783. 

77. Staals RH, Pruijn GJ. The human exosome and disease. RNA 
Exosome. 2010;132–42. 

78. Brouwer R, Allmang C, Raijmakers R, Van Aarssen Y, Egberts 
WV, Petfalski E, et al. Three novel components of the human 
exosome. J Biol Chem. 2001;276:6177–84. 

79. Ludwig N, Whiteside TL, Reichert TE. Challenges in exosome 
isolation and analysis in health and disease. Int J Mol Sci. 
2019;20:4684. 

80. Wan J, Yourshaw M, Mamsa H, Rudnik-Schöneborn S, 
Menezes MP, Hong JE, et al. Mutations in the RNA 
exosome component gene EXOSC3 cause pontocerebellar 
hypoplasia and spinal motor neuron degeneration. Nat Genet. 
2012;44:704–8. 

81. Allmang C, Mitchell P, Petfalski E, Tollervey D. Degradation 
of ribosomal RNA precursors by the exosome. Nucleic Acids 
Res. 2000;28:1684–91. 

82. Wan Z, Gao X, Dong Y, Zhao Y, Chen X, Yang G, et al. 
Exosome-mediated cell-cell communication in tumor progres-
sion. Am J Cancer Res. 2018;8:1661–73. 

83. 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. Journal of 
nanobiotechnology. 2021;19:1–17. 

84. Larabi A, Barnich N, Nguyen HTT. Emerging role of exosomes 
in diagnosis and treatment of infectious and inflammatory 
bowel diseases. Cells. 2020;9:1111. 

85. Abramowicz A, Marczak L, Wojakowska A, Zapotoczny S, 
Whiteside TL, Widlak P, et al. Harmonization of exosome 
isolation from culture supernatants for optimized proteomics 
analysis. PLoS One. 2018;13:e0205496. 

86. Sibley CR, Seow Y, Curtis H, Weinberg MS, Wood MJ. 
Silencing of Parkinson’s disease-associated genes with artificial 
mirtron mimics of miR-1224. Nucleic Acids Res. 2012;40: 
9863–75. 

87. Andalib E, Kashfi M, Mahmoudvand G, Rezaei E, Mahjoor M, 
Torki A, et al. Application of hypoxia-mesenchymal stem cells 
in treatment of anaerobic bacterial wound infection: wound 
healing and infection recovery. 2023;14:1251956. 

88. Chiriacò MS, Bianco M, Nigro A, Primiceri E, Ferrara F, 
Romano A, et al. Lab-on-chip for exosomes and microvesicles 
detection and characterization. Sensors. 2018;18:3175. 

89. Zhang M, Jin K, Gao L, Zhang Z, Li F, Zhou F, et al. Methods 
and technologies for exosome isolation and characterization. 
Small Methods. 2018;2:1800021. 

90. Li J, Chen X, Yi J, Liu Y, Li D, Wang J, et al. Identification and 
characterization of 293T cell-derived exosomes by profiling 
the protein, mRNA and microRNA components. PLoS One. 
2016;11:e0163043. 

91. Anand S, Samuel M, Kumar S, Mathivanan S. Ticket to a bubble 
ride: cargo sorting into exosomes and extracellular vesicles. 
Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics. 
2019;1867:140203. 

92. Hood JL. Post isolation modification of exosomes for 
nanomedicine applications. Nanomedicine. 2016;11:1745–56. 

93. Zipkin M. Exosome redux. Nat Biotechnol. 2019;37: 
1395–400. 

94. Yang G, Waheed S, Wang C, Shekh M, Li Z, Wu J. Exosomes 
and their bioengineering strategies in the cutaneous wound 
healing and related complications: current knowledge and 
future perspectives. Int J Biol Sci. 2023;19:1430–54. 

95. Peterson MF, Otoc N, Sethi JK, Gupta A, Antes TJ. Integrated 
systems for exosome investigation. Methods. 2015;87:31–45.



16 Burns & Trauma, 2024, Vol. 12, tkae021

96. Beit-Yannai E, Tabak S, Stamer WD. Physical exosome: exo-
some interactions. J Cell Mol  Med. 2018;22:2001–6. 

97. Balbi C, Vassalli G. Exosomes: beyond stem cells for cardiac 
protection and repair. Stem Cells. 2020;38:1387–99. 

98. Meola N, Domanski M, Karadoulama E, Chen Y, Gentil C, 
Pultz D, et al. Identification of a nuclear exosome decay path-
way for processed transcripts. Mol Cell. 2016;64:520–33. 

99. Waligorska A, Dobrucki JW, Mytar B, Szczepanik A, Siedlar 
M, Drabik G, et al. Interactions of tumour-derived micro 
(nano) vesicles with human gastric cancer cells. J Transl Med. 
2015;13:376. https://doi.org/10.1186/s12967-015-0737-0 .

100. Sluijter JP, Verhage V, Deddens JC, van den Akker F, Doeven-
dans PA. Microvesicles and exosomes for intracardiac commu-
nication. Cardiovasc Res. 2014;102:302–11. 

101. Lázaro-Ibáñez E, Sanz-Garcia A, Visakorpi T, Escobedo-Lucea 
C, Siljander P, Ayuso-Sacido Á, et al. Different gDNA content 
in the subpopulations of prostate cancer extracellular vesi-
cles: apoptotic bodies, microvesicles, and exosomes. Prostate. 
2014;74:1379–90. 

102. Dragovic R, Collett G, Hole P, Ferguson D, Redman C, Sargent 
I, et al. Isolation of syncytiotrophoblast microvesicles and exo-
somes and their characterisation by multicolour flow cytome-
try and fluorescence nanoparticle tracking analysis. Methods. 
2015;87:64–74. 

103. Lawson C, Vicencio JM, Yellon DM, Davidson SM. Microvesi-
cles and exosomes: new players in metabolic and cardiovascu-
lar disease. J Endocrinol. 2016;228:R57–71. 

104. Sun Y, Huo C, Qiao Z, Shang Z, Uzzaman A, Liu S, et al. Com-
parative proteomic analysis of exosomes and microvesicles in 
human saliva for lung cancer. J Proteome Res. 2018;17:1101–7. 

105. Dini L, Tacconi S, Carata E, Tata A, Vergallo C, Panzarini E. 
Microvesicles and exosomes in metabolic diseases and inflam-
mation. Cytokine Growth Factor Rev. 2020;51:27–39. 

106. Varela-Eirin M, Varela-Vazquez A, Mateos MR-C, Vila-
Sanjurjo A, Fonseca E, Mascarenas JL, et al. Recruitment of 
RNA molecules by connexin RNA-binding motifs: implication 
in RNA and DNA transport through microvesicles and exo-
somes. Biochimica et Biophysica Acta (BBA)-Molecular Cell 
Research. 2017;1864:728–36. 

107. Yang Y, Bucan V, Baehre H, Von Der Ohe J, Otte A, Hass 
R. Acquisition of new tumor cell properties by MSC-derived 
exosomes. Int J Oncol. 2015;47:244–52. 

108. Lou R, Chen J, Zhou F, Wang C, Leung C-H, Lin L. Exosome-
cargoed microRNAs: potential therapeutic molecules for dia-
betic wound healing. Drug Discov Today. 2022;27:103323. 

109. Han S, Underwood P, Hughes SJ. From tumor microenvi-
ronment communicants to biomarker discovery: selectively 
packaged extracellular vesicular cargoes in pancreatic cancer. 
Cytokine Growth Factor Rev. 2020;51:61–8. 

110. Lim CZ, Natalia A, Sundah NR, Shao H. Biomarker orga-
nization in circulating extracellular vesicles: new applications 
in detecting neurodegenerative diseases. Advanced Biosystems. 
2020;4:e1900309. 

111. Elewaily MI, Elsergany AR. Emerging role of exosomes and 
exosomal microRNA in cancer: pathophysiology and clinical 
potential. J Cancer Res Clin Oncol. 2021;147:637–48. 

112. Whiteside TL. Tumor-derived exosomes and their role in cancer 
progression. Adv Clin Chem. 2016;74:103–41. 

113. Villarroya-Beltri C, Baixauli F, Gutiérrez-Vázquez C, Sánchez-
Madrid F, Mittelbrunn M (eds). Sorting it out: regulation of 

exosome loading. Seminars in cancer biology. USA:  Academic  
Press Ltd, Elsevier Science Ltd, 2014, editors. 

114. Greening DW, Simpson RJ. Understanding extracellular vesi-
cle diversity–current status. Expert review of proteomics. 
2018;15:887–910. 

115. Hariharan H, Kesavan Y, Raja NS. Impact of native and 
external factors on exosome release: understanding reactive 
exosome secretion and its biogenesis. Mol Biol Rep. 2021; 
48:7559–73. 

116. Rangel-Ramírez VV, González-Sánchez HM, Lucio-García C. 
Exosomes: from biology to immunotherapy in infectious dis-
eases. Infectious Diseases. 2023;55:79–107. 

117. Yue S, Mu W, Erb U, Zöller M. The tetraspanins CD151 and 
Tspan8 are essential exosome components for the crosstalk 
between cancer initiating cells and their surrounding. Onco-
target. 2015;6:2366–84. 

118. Lai RC, RWY Y, Lim SK (eds). Mesenchymal stem cell exo-
somes. Seminars in cell & developmental biology. Elsevier, 
2015, editors. 

119. Xiong Y, Feng Q, Lu L, Zha K, Yu T, Lin Z, et al. Immunomod-
ulatory hydrogels: advanced regenerative tools for diabetic foot 
ulcer. Adv Funct Mater. 2023;33:2213066. 

120. Hessvik NP, Llorente A. Current knowledge on exosome bio-
genesis and release. Cell Mol Life Sci. 2018;75:193–208. 

121. Xiong Y, Lin Z, Bu P, Yu T, Endo Y, Zhou W, et al. A whole-
course-repair system based on neurogenesis-angiogenesis 
crosstalk and macrophage reprogramming promotes diabetic 
wound healing. Adv Mater. 2023;35:e2212300. 

122. Milane L, Singh A, Mattheolabakis G, Suresh M, Amiji MM. 
Exosome mediated communication within the tumor microen-
vironment. J Control Release. 2015;219:278–94. 

123. Zarovni N, Corrado A, Guazzi P, Zocco D, Lari E, Radano 
G, et al. Integrated isolation and quantitative analysis of exo-
some shuttled proteins and nucleic acids using immunocapture 
approaches. Methods. 2015;87:46–58. 

124. Okonkwo UA, Chen L, Ma D, Haywood VA, Barakat M, 
Urao N, et al. Compromised angiogenesis and vascular 
integrity in impaired diabetic wound healing. PLoS One. 2020; 
15:e0231962. 

125. Singh K, Sinha M, Pal D, Tabasum S, Gnyawali SC, Khona D, 
et al. Cutaneous epithelial to mesenchymal transition activator 
ZEB1 regulates wound angiogenesis and closure in a glycemic 
status–dependent manner. Diabetes. 2019;68:2175–90. 

126. Yang JM, Ryu J, Kim I, Chang H, Kim I-K. Dll4 blockade 
promotes angiogenesis in nonhealing wounds of Sox7-deficient 
mice. Advances in Wound Care. 2020;9:591–601. 

127. Long G, Liu D, He X, Shen Y, Zhao Y, Hou X, et al. A 
dual functional collagen scaffold coordinates angiogenesis and 
inflammation for diabetic wound healing. Biomaterials Sci-
ence. 2020;8:6337–49. 

128. Wang M, Wang C, Chen M, Xi Y, Cheng W, Mao C, et al. Effi-
cient angiogenesis-based diabetic wound healing/skin recon-
struction through bioactive antibacterial adhesive ultravio-
let shielding nanodressing with exosome release. ACS Nano. 
2019;13:10279–93. 

129. Tu Z, Chen M, Wang M, Shao Z, Jiang X, Wang K, 
et al. Engineering bioactive M2 macrophage-polarized anti-
inflammatory, antioxidant, and antibacterial scaffolds for rapid 
angiogenesis and diabetic wound repair. Adv Funct Mater. 
2021;31:2100924.

https://doi.org/10.1186/s12967-015-0737-0
https://doi.org/10.1186/s12967-015-0737-0
https://doi.org/10.1186/s12967-015-0737-0
https://doi.org/10.1186/s12967-015-0737-0


Burns & Trauma, 2024, Vol. 12, tkae021 17

130. Wu S-C, Kuo P-J, Rau C-S, Huang L-H, Lin C-W, Wu Y-C, 
et al. Increased angiogenesis by exosomes secreted by adipose-
derived stem cells upon lipopolysaccharide stimulation. Int J 
Mol Sci. 2021;22:8877. 

131. Martin P, Gurevich DB (eds). Macrophage regulation of angio-
genesis in health and disease. Seminars in Cell & Developmen-
tal Biology. Elsevier, 2021. 

132. Noishiki C, Yuge S, Ando K, Wakayama Y, Mochizuki 
N, Ogawa R, et al. Live imaging of angiogenesis during 
cutaneous wound healing in adult zebrafish. Angiogenesis. 
2019;22:341–54. 

133. Rebling J, Ben-Yehuda Greenwald M, Wietecha M, Werner 
S, Razansky D. Long-term imaging of wound angiogenesis 
with large scale optoacoustic microscopy. Advanced Science. 
2021;8:2004226. 

134. Zahm JM, Kaplan H, Hérard AL, Doriot F, Pierrot D, 
Somelette P, et al. Cell migration and proliferation during the 
in vitro wound repair of the respiratory epithelium. Cell Motil 
Cytoskeleton. 1997;37:33–43. 

135. Alizadeh S, Seyedalipour B, Shafieyan S, Kheime A, Moham-
madi P, Aghdami N. Copper nanoparticles promote rapid 
wound healing in acute full thickness defect via acceleration 
of skin cell migration, proliferation, and neovascularization. 
Biochem Biophys Res Commun. 2019;517:684–90. 

136. Akrami-Hasan-Kohal M, Tayebi L, Ghorbani M. Curcumin-
loaded naturally-based nanofibers as active wound dressing 
mats: morphology, drug release, cell proliferation, and cell 
adhesion studies. New J Chem. 2020;44:10343–51. 

137. Paddle-Ledinek JE, Nasa Z, Cleland HJ. Effect of differ-
ent wound dressings on cell viability and proliferation. Plast 
Reconstr Surg. 2006;117:110S–8. 

138. Kruse CR, Singh M, Targosinski S, Sinha I, Sørensen JA, Eriks-
son E, et al. The effect of pH on cell viability, cell migration, cell 
proliferation, wound closure, and wound reepithelialization: In 
vitro and in vivo study. Wound Repair Regen. 2017;25:260–9. 

139. Zeng QL, Liu DW. Mesenchymal stem cell-derived exo-
somes: An emerging therapeutic strategy for normal and 
chronic wound healing. World journal of clinical cases. 2021;9: 
6218–33. 

140. Kaleci B, Koyuturk M. Efficacy of resveratrol in the wound 
healing process by reducing oxidative stress and promoting 
fibroblast cell proliferation and migration. Dermatol Ther. 
2020;33:e14357. 

141. Bucalo B, Eaglstein WH, Falanga V. Inhibition of cell pro-
liferation by chronic wound fluid. Wound Repair Regen. 
1993;1:181–6. 

142. Soliman AM, Das S, Abd Ghafar N, Teoh SL. Role of 
microRNA in proliferation phase of wound healing. Front 
Genet. 2018;9:38. 

143. Landén NX, Li D, Ståhle M. Transition from inflammation to 
proliferation: a critical step during wound healing. Cell Mol 
Life Sci. 2016;73:3861–85. 

144. Saxena V, Hwang C-W, Huang S, Eichbaum Q, Ingber D, Orgill 
DP. Vacuum-assisted closure: microdeformations of wounds 
and cell proliferation. Plast Reconstr Surg. 2004;114:1086–96. 

145. Li J, Chen J, Kirsner R. Pathophysiology of acute wound 
healing. Clin Dermatol. 2007;25:9–18. 

146. Ellis S, Lin EJ, Tartar D. Immunology of wound healing. Curr 
Derm Rep. 2018;7:350–8. 

147. Ding J-Y, Chen M-J, Wu L-F, Shu G-F, Fang S-J, Li Z-Y, et al. 
Mesenchymal stem cell-derived extracellular vesicles in skin 

wound healing: roles, opportunities and challenges. Military 
Medical Research. 2023;10:36. 

148. Zhao X, Zhang W, Fan J, Chen X, Wang X. Application 
of mesenchymal stem cell exosomes in the treatment of skin 
wounds. Smart Materials in Medicine. 2023;4:578–89. 

149. Pelizzo G, Avanzini M. A, 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;13:385–394. 
https://doi.org/10.2217/rme-2018-0001 .

150. Djalilian AR, McGaughey D, Patel S, Seo EY, Yang C, Cheng 
J, et al. Connexin 26 regulates epidermal barrier and wound 
remodeling and promotes psoriasiform response. J Clin Invest. 
2006;116:1243–53. 

151. Zhang B, Gong J, He L, Khan A, Xiong T, Shen H, et al. 
Exosomes based advancements for application in medical 
aesthetics. Frontiers in bioengineering and biotechnology. 
2022;10:1083640. 

152. Fekrazad R, Sarrafzadeh A, Kalhori KA, Khan I, Arany PR, 
Giubellino A. Improved wound remodeling correlates with 
modulated TGF-beta expression in skin diabetic wounds fol-
lowing combined red and infrared photobiomodulation treat-
ments. Photochem Photobiol. 2018;94:775–9. 

153. Sousa P, Lopes B, Sousa AC, Moreira A, Coelho A, 
Alvites R, et al. Advancements and insights in exosome-
based therapies for wound healing: a comprehensive sys-
tematic review (2018–June 2023). Biomedicines. 2023;11: 
2099. 

154. Ye H, Wang F, Xu G, Shu F, Fan K, Wang D. Advancements 
in engineered exosomes for wound repair: current research and 
future perspectives. Frontiers in bioengineering and biotechnol-
ogy. 2023;11:11. 

155. Xiong Y, Mi BB, Lin Z, Hu YQ, Yu L, Zha KK, et al. The role of 
the immune microenvironment in bone, cartilage, and soft tis-
sue regeneration: from mechanism to therapeutic opportunity. 
Mil Med Res. 2022;9:65. 

156. 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. 

157. Mahmoudvand G, Karimi Rouzbahani A, Razavi ZS, Mahjoor 
M, Afkhami H. Mesenchymal stem cell therapy for non-healing 
diabetic foot ulcer infection: new insight. Front Bioeng Biotech-
nol. 2023;11:1158484. 

158. Gupta N, Krasnodembskaya A, Kapetanaki M, Mouded M, 
Tan X, Serikov V, et al. Mesenchymal stem cells enhance 
survival and bacterial clearance in murine Escherichia coli 
pneumonia. Thorax. 2012;67:533–9. 

159. Maqbool M, Vidyadaran S, George E, Ramasamy R. Human 
mesenchymal stem cells protect neutrophils from serum-
deprived cell death. Cell Biol Int. 2011;35:1247–51. 

160. Raghav A, Tripathi P, Mishra BK, Jeong GB, Banday S, 
Gautam KA, et al. Mesenchymal stromal cell-derived tai-
lored exosomes treat bacteria-associated diabetes foot ulcers: 
a customized approach from bench to bed. Front Microbiol. 
2021;12:712588. 

161. Marx C, Gardner S, Harman RM, Wagner B, van de Walle GR. 
Mesenchymal stromal cell-secreted CCL2 promotes antibac-
terial defense mechanisms through increased antimicrobial 
peptide expression in keratinocytes. Stem Cells Transl Med. 
2021;10:1666–79.

https://doi.org/10.2217/rme-2018-0001
https://doi.org/10.2217/rme-2018-0001
https://doi.org/10.2217/rme-2018-0001
https://doi.org/10.2217/rme-2018-0001


18 Burns & Trauma, 2024, Vol. 12, tkae021

162. Qian Z, Bai Y, Zhou J, Li L, Na J, Fan Y, et al. A moistur-
izing chitosan-silk fibroin dressing with silver nanoparticles-
adsorbed exosomes for repairing infected wounds. J Mater  
Chem B. 2020;8:7197–212. 

163. Sun B, Wu F, Wang X, Song Q, Ye Z, Mohammadniaei M, 
et al. An optimally designed engineering exosome–reductive 
COF integrated Nanoagent for synergistically enhanced dia-
betic fester wound healing. Small. 2022;18:e2200895.


	 Applications of mesenchymal stem cell-exosome components in wound infection healing: new insights
	Background
	Review
	Conclusions
	Authors' contributions
	Conflict of interest


