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Abstract 

The dysfunction of wound-healing processes can result in chronic non-healing wounds and pathological scar 
formation. Current treatment options often fall short, necessitating innovative approaches. Exosomes, extracellular 
vesicles secreted by various cells, have emerged as promising therapeutic agents serving as an intercellular com-
munication system. By engineering exosomes, their cargo and surface properties can be tailored to enhance thera-
peutic efficacy and specificity. Engineered exosomes (eExo) are emerging as a favorable tool for treating non-healing 
wounds and pathological scars. In this review, we delve into the underlying mechanisms of non-healing wounds 
and pathological scars, outline the current state of engineering strategies, and explore the clinical potential of eExo 
based on preclinical and clinical studies. In addition, we address the current challenges and future research directions, 
including standardization, safety and efficacy assessments, and potential immune responses. In conclusion, eExo hold 
great promise as a novel therapeutic approach for non-healing wounds and non-healing wounds and pathological 
scars. Further research and clinical trials are warranted to translate preclinical findings into effective clinical treatments.
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Introduction
Non-healing wounds, characterized by a failure to pro-
gress through the normal healing cascade, remain open 
for prolonged periods. Pathological scars, represent-
ing aberrant scar formation during the wound healing 

process, can manifest as various forms, often causing 
patient discomfort through pain, pruritus (itching), 
and erythema (redness). However, current therapeutic 
approaches are often limited in efficacy, and the treat-
ment outcome remains suboptimal due to the side 
effects.

The past few decades have witnessed large-scale devel-
opment of cytotherapy along with emerging acellular 
therapy. The development of engineered exosomes (eExo) 
with specific “4-pro” and “5-anti” effects that promote 
skin regeneration, becomes an active area of research. 
This review provides a comprehensive overview of recent 
research of eExo for chronic wounds and pathological 
scarring. The engineering strategies and the targeted bio-
logical activities of eExo are shown in Fig. 1.

Physiological wound healing
Physical wound healing is achieved through four pre-
cisely programmed and overlapping phases, and 
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ultimately ended with normal scarring [1–3]. (1) Hemo-
stasis phase involves blood vessel damage, hemostasis, 
vascular constriction, platelet activation, and fibrin clot 
formation. [4] (2) Inflammation phase includes neutro-
phil/monocyte recruitment, macrophage differentiation, 
chemokine/pro-inflammatory cytokine releasing, and 
downstream inflammatory pathway activation [5–7]. (3) 
Proliferation phase comprises the activation of multiple 
cell types (keratinocytes, fibroblasts, endothelial cells), 
angiogenesis, granulation tissue formation, re-epithelial-
ization, and extracellular matrix (ECM) deposition, ulti-
mately leading to wound closure. [4, 7–9] (4) Resolution/
remodeling phase contains neovasculature regression, 
periodic ECM deposition, granulation tissue reconstitu-
tion, and mature scar formation (Fig. 2). [4, 10–15]

Outcomes of aberrant wound healing
When the normal healing process goes wary there are 
two major outcomes: an ulcerative skin defect (chronic 
wound) or pathological scar formation.

Chronic wounds
Chronic non-healing wounds—hereinafter referred to as 
chronic wounds—are defined as wounds that have “failed 
to proceed through a normal, orderly and timely process 
to establish anatomic and functional integrity” within 
3  months after injury. [16, 17] Any skin lesion has the 
potential to become a chronic wound. According to the 
etiology, chronic wounds are mainly classified into ulcers 
of diabetic, vascular, and pressure, despite wound-spe-
cific factors, including infection, inflammation, oxygena-
tion, radiation, and aging [18–20]. (1) Diabetic ulcers: 
hyperglycemia in patients with diabetes lead can lead to 
an increase in the production of reactive oxygen species 
(ROS), thereby exacerbating inflammation and oxidative 
stress, thus forming a vicious circle and eventually lead-
ing to difficulty healing wounds. [21] (2) Vascular ulcers: 
include arterial ulcers (caused by poor blood supply) 
and venous ulcers (mainly due to venous insufficiency). 
[22–24] (3) Pressure ulcers: also known as a bedsore or 
decubitus ulcers, are caused by sustained pressure over 

Fig. 1  A comprehensive overview of eExo for chronic wounds and pathological scarring. The engineering strategies of eExo comprise 
pre-exosomal, post-exosomal and biohybrid approaches. The aim of engineering strategies is to endow eExo with targeted biological activities, 
including “4-pro” and “5-anti” effects. “4-pro” effects refer to promoting angiogenesis, cell proliferation, ECM deposition, and nerve regeneration, 
while “5-anti” effects refer to anti-inflammation, anti-fibrosis, anti-apoptosis, anti-senescence, and anti-oxidation. Abbreviation: eExo, engineered 
exosomes
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a bony prominence, ultimately leading to tissue ischemia 
and necrosis [25].

Different categories of chronic wounds share several 
common molecular and pathological characteristics. The 
hallmarks of chronic wounds are prolonged inflamma-
tion and inability to re-epithelialize [26–28]. Compared 
to acute wounds, chronic wounds are characterized by 
chronic inflammation, excessive ROS, impaired angio-
genesis, slowed cell proliferation, delayed ECM remod-
eling, and elevated alkaline environment (Fig. 3). [18, 19, 
21]

Pathological scarring
Another consequence of aberrant skin regeneration is 
pathological scarring, including keloid and hypertrophic 
scarring (HS). [2, 29, 30] Excessive scar tissue formation 
can impact life quality and lead to various complica-
tions. Pathological scars are caused by abnormal prolif-
eration and transdifferentiation of fibroblasts, excessive 
ECM deposition, and chronic inflammation. [7, 31, 32] 
Although the exact mechanisms of pathological scar for-
mation are not fully elucidated, the triggers are identified 
as immune dysregulation, mechanical stress, and hypoxia 
[33]. (1) Immune dysregulation: the activation of the 

pro-inflammatory signaling pathways of nuclear factor κB 
(NF-κB) and anti-inflammatory transforming growth fac-
tor β (TGF-β1) has been evidenced to increase in patho-
logical tissues [34–37]. (2) Mechanical forces: skin sites 
subjected to high mechanical tension exhibit a high pro-
pensity for pathological scar formation [38]. Dohi et  al. 
[38] and Gao et al. [39] demonstrated that keloid progres-
sion was correlated with increased mechanical strain via 
the Caveolin-1/Rho-associated protein kinase (ROCK) 
signaling pathway and YES-associated protein/transcrip-
tional coactivator with PDZ-binding motif (YAP/TAZ) 
activity, respectively. (3) Hypoxia: hypoxia can promote 
activity and inhibit apoptosis of keloid fibroblasts [40]. 
Specifically, the mitochondrial function and potentiate 
glycolysis of keloids are attenuated under hypoxic condi-
tions, with the upregulation of hypoxia-inducible factor-
1alpha (HIF1α) and phosphatidylinositol 3-kinase (PI3 
K)/protein kinase B (AKT) signaling pathway [40]. The 
involved signaling pathways are depicted in Fig. 4.

Current therapies for chronic wounds and pathological 
scarring: advantages and limitations
Chronic wounds can be painful, debilitating, and even 
life-threatening if left untreated. As these wounds exhibit 

Fig. 2  Four phases of physiological wound healing. (1) Hemostasis includes vasoconstriction, clot formation, and provisional matrix formation. (2) 
Inflammation comprises immune cell recruitment and adaptive immune system activation. (3) Proliferation involves the cooperation of fibroblasts, 
keratinocytes, and endothelial cells towards wound closure. (4) Resolution/remodeling includes the reconstruction of cellular components and ECM 
composition
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impaired healing processes, characterized by persistent 
inflammation, excessive tissue breakdown, and inad-
equate angiogenesis, current therapeutic approaches 
include debridement, offloading, and topical or systemic 
medications to address specific underlying factors. Nev-
ertheless, many patients still require long-term care and 
may undergo surgical interventions or skin grafting. 
However, current treatments are often limited in effec-
tiveness despite advancements in wound care. Similarly, 
despite the diverse range of therapeutic options (non-
surgical and surgical treatments) available for pathologi-
cal scarring, the treatment outcome remains suboptimal 
due to the side effects and high recurrence rate. Thus, 
the explorations of efficient and safe novel therapeutic 
approaches and strategies for chronic wounds and patho-
logical scarring constitute the focus of current research 
[41].

The past few decades have witnessed large-scale devel-
opment of cytotherapy along with emerging acellular 

therapy. The development of innovative strategies, such 
as eExo with specific anti-inflammatory, pro-angiogenic, 
and anti-scarring inhibition effects that promote skin 
regeneration, becomes an active area of research.

Cytotherapy
The earliest attempts at cell-based therapy are attributed 
to Charles-Edward Brown-Séquard, the pioneer in the 
nineteenth century who sought to delay the senescence 
process in his contemporaries by injecting animal testi-
cle extracts. [42] Afterward, Paul Niehans democratized 
cytotherapy in Western Switzerland in the twentieth cen-
tury [43]. Cytotherapy can also be applied to acute and 
chronic wounds, as well as keloids and HS, potentially 
improving wound healing without surgical operations or 
donor area damage [44, 45].

A distinct advantage of stem cell-based cytotherapy is 
its high regenerative potential, as it can directly replace 
damaged skin cells. However, safety concerns, logistic 

Fig. 3  Pathophysiology of non-healing wounds. Non-healing wounds are characterized by chronic inflammation, excessive oxidative stress, 
and impaired tissue regeneration. A Chronic inflammation is mainly driven by neutrophil dysfunction and macrophage (Mφ) polarization 
failure. Specifically, neutrophil dysfunction causes the elevation of pro-inflammatory mediators, neutrophil-driven proteases, and neutrophil 
chemo-attractant and neutrophil extracellular traps (NET) formation. M1/M2 macrophage alteration failure can result in elevated level 
of chemokines/pro-inflammatory cytokines, reactive oxygen species (ROS), and matrix metalloproteinases (MMPs), and decreased level 
of pro-healing factors. B Excessive oxidative stress can generate the modification of DNAs, proteins and lipids. C Impaired tissue regeneration 
is a result of impaired angiogenesis, re-epithelialization, and ECM production, and increased ECM degradation, caused by pro-inflammatory 
cytokines, ROS, and MMPs
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challenges, and ethical considerations have hindered 
the widespread use of stem cell-based cytotherapies. 
Another consideration for cell-based therapy is donor 
age. Research has demonstrated that autologous cells 
are less likely to trigger immune rejection, making them 
the preferred choice for cytotherapy [46]. However, the 
therapeutic effect of autologous cells from older patients 
remains questionable, as donor age negatively affects cell 

function [47, 48]. As such, a safer, simpler, noninvasive, 
and more efficient method for wound healing and scar 
management is required.

Acellular therapies
Acellular therapy utilizes cellular components, such as 
conditioned media (CM), extracellular vesicles (EV), 
ECM or growth factors, without the presence of living 

Fig. 4  Triggers and pathogenesis for pathological scar formation. Upper figure: the dominant triggers for pathological scar formation are immune 
dysregulation, mechanical tension, and hypoxia. Lower figure: the mainstream pathways driving pathological scar formation include the TGF-β, 
NF-κB, HIF1α, and YAP/TAZ signaling pathways. Abbreviations: TGF-β, transforming growth factor beta; NF-κB, nuclear factor-kappaB; HIF1α, 
hypoxia-inducible factor-1alpha; YAP, YES-associated protein; TAZ, transcriptional coactivator with PDZ-binding motif
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cells. These components can be used for skin regenera-
tion and scar hyperplasia. [49–51]

From CM to  EV  Advancements in stem cell research 
have led to the discovery that CM from stem cells also 
promotes wound healing, [52, 53] even scarless wound 
healing [54, 55]. In addition, CM can be used for com-
bined therapy of HS [49, 56, 57], and is a potential keloid 
treatment as it can prevent the proliferation and activa-
tion of keloid fibroblasts. [58] These findings indicate 
that the cell secretome might be an alternative for skin 
regeneration and scar treatment, shifting the focus from 
cellular to non-cellular therapies [59]. The cell secretome 
contains an extensive spectrum of soluble factors, includ-
ing cytokines, growth factors, and microRNAs (miRNA), 
which are easily digested by enzymes, raising the question 
of whether another functional component exists in CM. 
[60]

The discovery of EV in CM marked a new era of acel-
lular therapy (Fig. 5). EV, secreted by cells into the extra-
cellular space, are lipid bilayer-delimited cargo-bearing 
vesicles. [61] The unique structure of EV protects the 
inner cargos from digestion. [62] They were first dis-
covered by Chargaff and West in the 1940 s, who found 
that a “particulate fraction” sedimented at 31,000 g had a 
high clotting potential. [63, 64] The understanding of EV 
was stalled at the structural level for years until Raposo 
proved that EV were biologically functional in the 1990 
s [65]. In 2010 s, Bruno et al. [66] reported that mesen-
chymal stem cells (MSC)-derived vesicles suppress acute 
tubular injury in mice, lifting the curtain of increased 

interest in EV-based therapy. Since then, studies on EV in 
regenerative medicine have increased exponentially, and 
EV-based therapeutics have been proven effective in the 
treatment of chronic wounds and skin scarring [67–69].

From EV to  natural exosomes  Exosomes are EV that 
originate from the endosomal system within cells and are 
typically between 30 and 150 nm in diameter. Exosomes 
have several advantages over other EV: they have a uni-
form size and structure, and their specific surface proteins 
may allow for some degree of targeting of specific tissues. 
The key differences of exosomes and EV are summarized 
in Table 1.

Compared with cytotherapy, natural exosomes possess 
distinct advantages, such as easy access, effortless stor-
age, safety (non-immunogenicity, non-tumorigenicity), 
biocompatibility, specificity, and freedom from ethical 
issues (Table 2) [70].

Existing evidence suggest that exosomes play a role in 
intercellular communication through three mechanisms. 
(1) Ligand-receptor interaction: the exosomes dock on 
the membrane of recipient cell and bind to the surface 
receptors, subsequently triggering intracellular signal-
ing. (2) Endocytosis: the internalization of exosomes 
can be conducted through micropinocytosis, caveolin-
mediated endocytosis, lipid raft-mediated endocytosis, 
and phagocytosis. Afterwards, the exosomes become 
early endosome and undergo fast recycling (re-releasing), 
slow recycling (becoming MVB) or performing corre-
sponding functions. (3) Membrane fusion: the membrane 
of exosomes can directly fuse with the recipient cell 

Fig. 5  Timeline for EV milestones. In 1946, Chargaff and West discovered a “particulate fraction” with high clotting potential, which marked 
the discovery of extracellular vesicles (EV). In the early twenty-first century, the interest in EV grew exponentially. In 2014, the International Society 
of Extracellular Vesicles (ISEV) proposed the Minimal Information for Studies of Extracellular Vesicles (MISEV) guideline and updated the guideline 
in 2018 and 2023
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membrane, releasing functional cargos in the cytoplasm 
(Fig. 6).

Natural exosome in skin regeneration and scarring
Sources of exosomes
Exosomes, derived from specific cells and tissues, have 
distinct components and features. Desired properties and 
therapeutic applications are the two dominant factors 
that determine the most appropriate source of exosomes 
(Table 3).

Immortalized cell lines
Theoretically, immortalized cell lines can be constantly 
divided by overcoming the Hayflick limit via genetic 
modifications. [76] Paprocka et  al. [77] indicated that 
human telomerase reverse transcriptase (hTERT)-
immortalized adipose-derived stem cells (ASC) secrete 
more pro-regenerative factors than primary ASC. A 
2020 study by Hettich et al. [71] reported that exosomes 
derived from immortalized human keratinocytes (HaCaT 
cells) promoted wound healing. Despite these encour-
aging results, immortalized cell lines have the possibili-
ties of oncogenicity and property changes owing to the 
immortalization procedure. [76] To date, no study has 

completely illustrated the mutations or altered proper-
ties. As exosomes share similar properties with their 
parental cells, these uncertainties limit large-scale studies 
and their use for therapeutic purposes.

Induced pluripotent stem cells, induced pluripotent stem 
cell‑derived mesenchymal stem cells, and embryonic stem 
cells
Induced pluripotent stem cells (iPSC) are reprogrammed 
from adult cells to alleviate donor variability and scala-
bility concerns. [72] In 2019, Lu et al. [46] indicated that 
exosomes released by autologous monkey iPSC acceler-
ated wound healing. In a 2023 study by Levy et al., [72] 
exosomes secreted by either iPSC or iPSC-derived MSC 
(iMSC) contributed to inflammation resolution within 
the wound bed of diabetic mice and remarkably reduced 
the wound area. This study also demonstrated that iPSC 
could serve as reproducible and scalable biomanufactur-
ing sources, which did not change with increased pas-
sages. These benefits make iPSC and iMSC favorable 
choices in terms of cost and reproducibility. However, 
their inherent tumorigenicity, immunogenicity, and het-
erogeneity limit their practical application.

Table 1  Exosome vs. EV for therapeutic applications

EV, extracellular vesicles

Feature Exosomes EV

Subtypes Specific type of EV with well-defined characteristics Diverse population including exosomes, microvesicles, 
apoptotic bodies

Cargo Well-defined and enriched in specific molecules (proteins, RNA) More heterogeneous cargo depending on the source cell

Targeting Can be engineered to target specific tissues (research in pro-
gress)

Targeting strategies are under development for EV in general

Production Can be easier to produce in large quantities (especially 
from immortalized cells)

May be more challenging to isolate and purify specific types 
of EV

Standardization More standardized isolation methods are being developed Highly variable methods of isolation currently exist

Therapeutic potential Promising for various applications due to well-defined cargo 
and potential for targeting

Variable therapeutic potential depending on the specific EV 
subtype

Safety Varies depending on the source cell (adult stem cells are safest) Varies depending on the source cell type

Table 2  Exosome therapy vs. stem cell therapy

Feature Exosome Therapy Stem Cell Therapy

Safety Lower risk of tumor formation Higher risk of tumor formation

Specificity Targeted to specific cell types Less targeted

Biocompatibility High Moderate

Immunogenicity Low High

Regenerative Potential Moderate High

Production and Storage Easier More challenging

Delivery Non-surgical methods (topical, injection) May require surgery

Research Stage More advanced clinical trials Earlier stage of research
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Embryonic stem cells (ESC) represent another poten-
tial option for exosome generation. Chen et al. [73] uti-
lized ESC-exosomes (ESC-exo) to speed up wound 
closure of pressure ulcers in aged mice. They observed 
that exosomes could ameliorate endothelial senescence 
by activating nuclear factor-E2-related factor 2 (Nrf2) 
and recovering aging-related vascular endothelial dys-
function, thereby promoting wound healing [73]. Simi-
larly, the clinical application of ESC is limited owing to 
immune rejection, tumorigenicity, and ethical issues. [78]

Somatic stem cells
Somatic stem cells, or adult stem cells, are undifferenti-
ated cells in mature tissues. They are limited in their dif-
ferentiation but do not pose safety and ethical concerns 
observed in iPSCs. [79]

General somatic stem cells  The major exosome source 
candidates for regenerative medicine are MSC, which can 
be isolated from multiple tissues, including bone marrow, 
adipose tissue, umbilical cord, placenta, and dental pulp. 
[80] The prominent characteristics of MSC-exosomes 

(MSC-exo) for wound and scar management are anti-
inflammatory, [81, 82] pro-angiogenic, [83] and the ability 
to decrease the pathological behavior of scar fibroblasts, 
[83, 84] which accelerate wound healing and prevent scar 
formation.

Skin‑resident stem cells  Skin-resident stem cells resid-
ing in niches are essential for skin regeneration. [85] The 
strong self-healing and regenerative ability of skin is not 
only attributable to its rich population of skin stem cells 
but also to the stem cell secretome. [86, 87] During the 
natural regenerative process, the basement membrane is 
secreted by epidermal stem cells. [87] Although no study 
has determined whether exosomes from skin-resident 
stem cells possess components specific to the niches, 
which might help them perform better in skin regenera-
tion, scientists have begun to explore the roles of skin-
stem cell-derived exosomes in wound healing and scar 
management.

Among various types of skin-resident stem cells, epi-
dermal and hair follicle stem cells are the main topic of 
interest. Duan et  al. [74] demonstrated that epidermal 

Fig. 6  Three mechanisms of exosome-mediated intercellular communication. (1) Ligand-receptor interaction: docking, binding, and triggering 
the intracellular signaling. (2) Endocytosis: including micropinocytosis, caveolin-mediated endocytosis, lipid raft-mediated endocytosis, 
and phagocytosis. The internalizing exosomes undergo fast recycling, slow recycling or performing corresponding functions. (3) Membrane fusion: 
directly fusing with the recipient cell membrane and releasing functional cargos in the cytoplasm
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stem cell-derived exosomes contain specific microR-
NAs (miR-425-5p and miR-142-3p), playing vital roles 
in reducing scarring by inhibiting TGF-β1 activity. Addi-
tionally, Heras et al. [75] indicated that hair follicle stem 
cell-derived exosomes could promote the proliferation 
and migration of human dermal fibroblasts, accelerat-
ing wound healing. Nevertheless, studies on these skin-
resident stem cells are still in their initial stages owing to 
technological limitations.

Therapeutic cargos within natural exosomes
To date, several functional therapeutic cargos within 
exosomes have been well defined, with proteins and 
nucleic acids being the two main categories that are 
investigated. Some examples of therapeutical biomole-
cules, and their functions and mechanisms in promoting 
wound healing and reducing skin scarring are presented 
in Table 4.

Drawbacks of natural exosomes
Despite the encouraging progress, the inevitable draw-
backs of natural exosomes also hinder current therapeu-
tic applications, including non-tissue-specific targeting, 

low-specific content for targeted tissue regeneration, low 
yield, and short retention time caused by rapid clearance 
in vivo.[98–100]

eExo: a promising new therapy
By exploiting the bioengineering strategies of exosomes, 
it may be possible to develop a superior approach than 
natural exosomes for skin wound healing and scarring 
management.

Superiority of eExo over natural exosome therapy
Natural exosomes carry common cargos with average 
specificity and exert generalized functions, limiting their 
efficacy. Conversely, eExo are equipped with the desired 
surface molecules or cargos, rendering eExo therapy a 
prospective approach with increased yield, specificity, 
efficacy, and decreased cost than natural exosome ther-
apy (Table 5).

Surface modification endows eExo with increased 
specificity, whereas content modification increases the 
concentrations of desired cargos. Cargos residing in 
the cytoplasm (e.g., proteins) can exist for several pas-
sages and perform desired functions. Importantly, eExo 

Table 4  Therapeutic molecules of exosomes in skin regeneration and scarring

YAP, YES-associated protein; Wnt4, wingless-type MMTV integration site family member 4; VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth 
factor; PDGF, platelet-derived growth factor; CTGF, connective tissue growth factor; DMBT1, deleted in malignant brain tumors 1; TGF-β, transforming growth factor-β; 
NF-κB, nuclear factor-kappa B; α-SMA, α-smooth muscle actin; SIRT1, Sirtuin 1; TLR4, toll-like receptor 4

Categories Functions Mechanisms Refs

Proteins
14–3-3ζ Control cell proliferation Stimulate Wnt/β-catenin signaling pathway and enhance YAP 

Ser127 phosphorylation
[88]

Wnt4 Enhance proliferation and migration of skin cells Activate Wnt/β-Catenin signaling pathway [89]

VEGF
bFGF
PDGFBB
CTGF

Promote angiogenesis, re-epithelialization, fibroblast prolifera-
tion, and collagen deposition

Activate PI3 K/Akt, Erk1/2, and RhoA/YAP signaling pathways [90]

DMBT1 Promote angiogenesis Increase VEGF-A expression, and activate PI3 K-Akt signaling 
pathway

[91]

Nucleic acids
MiR-192-5p Ameliorate collagen production Stimulate miR-192-5p/IL-17RA/Smad axis [92]

MiR-425-5p
MiR-142-3p

Reduce scarring Inhibit TGF-β1 activity [74]

MiR-21
MiR-23a
MiR-125b
MiR-45

Suppress myofibroblast formation, and prevent excessive scar-
ring

Inhibit TGF-β/SMAD2 signaling pathway [93]

MiR-138-5p Inhibit proliferation, migration, and protein expression (NF-κB, 
α-SMA, and TGF-β1) of fibroblasts

Downregulate SIRT1 gene [94]

MiR-34a-5p
MiR-146a-5p
MiR-24-3p

Alleviate inflammation with immune modulation Induce M2 macrophage polarization [95]

MiR-21-3p Accelerate angiogenesis and re-epithelialization and reduce 
scar widths

Activate PI3 K/Akt and ERK1/2 signaling pathway [96]

MiR-181c Alleviate inflammation Suppress the TLR4 signaling pathway [97]
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also enable gene therapy through nucleic acid delivery 
and genetically engineered specific target presentation.
[101] For example, eExo can deliver specific miRNAs, 
small interfering RNAs (siRNAs), and circular RNAs 
(circRNAs) into the recipient cells and can regulate gene 
expression through the following mechanisms. 1) MiRNA 
possesses the specific sequence of the 3′ untranslated 
region (3′-UTR), which enables miRNA to completely or 
partially complementary to its targeted mRNA, resulting 
in the negative regulation of the target protein expres-
sion.[102] 2) SiRNA, with a length of about 25 bp, is 
another category of double stranded DNA that can com-
pletely complementary to the targeted mRNA, leading 
to gene silencing.[103, 104] 3) CircRNA is a covalently 
closed RNA molecule that can regulate gene expression 
by acting like miRNA or protein proton sponges, inter-
acting with U1 small nuclear ribonucleoprotein, and 
encoding small functional peptides (Fig. 7).[105]

Critical knowledge gaps of natural exosomes and eExo
To facilitate a more explicit comparison between natural 
exosomes and eExo, we critically analyzed the charac-
teristics in terms of functional advantages, translational 
bottlenecks, and unresolved scientific controversies. 
(1) Functional advantages: eExo exhibit enhanced tar-
geting, improved yield, and customized cargo loading, 
potentially leading to higher therapeutic efficacy [106]. 
(2) Transitional bottlenecks: natural exosomes present 
significant challenges related to isolation, purification, 
and lack of standardization [107], while eExo require a 
complex engineering process, pose safety concerns, and 
face regulatory hurdles.[108] (3) Unresolved scientific 
controversies: the exact mechanisms of natural exosome 
biogenesis and release from cells are still not fully under-
stood.[109] Furthermore, there is no consensus on the 
best way to engineer exosome for therapeutic applica-
tions (Table 6).

Engineering strategies of eExo
Novel engineering strategies have been actively explored 
to increase exosome yield and enhance exosome thera-
peutic efficacy.[110, 111] Through surface or content 

modification, exosome engineering endows eExo with 
enhanced targeting abilities and increased concentrations 
of effector molecules. We summarize the engineering 
strategies into three categories: pre-exosomal, post-exo-
somal and biohybrid approaches (Table 7, Figs. 8, 9).

Pre‑exosomal approach
Pre-exosomal modification strategies refer to the manip-
ulation of donor cells prior to exosome isolation, which 
include preconditioning and genetic modification.

Preconditioning  Preconditioning of parent cells via 
physical, chemical, biological factors or hypoxia confers 
exosomes with enhanced biological functions and activi-
ties, benefiting therapeutic outcomes. Ultrasonication 
was utilized by Wang et  al.[112] to shear intact human 
umbilical cord MSC (hUCSC), followed by regular cen-
trifugation and filtration, producing a higher yield of 
exosomes with enhanced therapeutic potential for skin 
rejuvenation. Chemical conjugation or membrane fusion 
with donor cells can generate functionalized exosomes.
[113] One strategy is to utilize azide-bearing compounds, 
such as N-azidoacetylmannosamine-tetraacetylated, to 
functionalize exosomes with small molecules through 
biorthogonal chemistry.[114] Another strategy is to use 
membrane-fusogenic liposomes. Lee et  al.[115] utilized 
this strategy to confer exosomes with functional lipids, 
drugs, fluorophores, and bio-orthogonal chemicals. 
Hypoxia pretreatment endows ASC-derived exosomes 
with enhanced pro-healing ability by activating the PI3 K/
AKT signaling pathway.[116]

Genetic modification  Genetic modification refers to the 
use of viral or non-viral vectors to load donor cells with 
oligonucleotides (e.g., miRNA, siRNA), which results in 
gene overexpression or downregulation of the donor cells 
[117, 118]. Using this approach, exosomes secreted by 
donor cells are equipped with specific oligonucleotides, 
leading to improved targeting capabilities and thera-
peutic efficacy.[119, 120] For example, Huang et al.[120] 
demonstrated that exosomes generated from miR-31-5p-
overexpressed donor cells promoted diabetic wound heal-

Table 5  eExo therapy vs. natural exosome therapy

eExo, engineered exosomes

Feature eExo therapy Natural exosome therapy

Specificity & Targeting Higher—engineered to target specific cell types or processes Lower—broader range of molecules delivered

Efficacy Potentially higher—optimized cargo for desired skin regeneration effects Moderate—natural cargo may not be ideal 
for specific needs

Development Stage Earlier stage, ongoing research More advanced, closer to clinical applications

Yield Improved yield Relatively low yield

Cost Potentially higher because of additional engineering steps Potentially lower
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Fig. 7  Superiority of engineered exosomes (eExo). Natural exosomes carry common cargos with average specificity and exert generalized 
functions, limiting their efficacy. Conversely, eExo are equipped with desired cargos (e.g., proteins, lipids, RNAs, and DNAs). In some cases, DNAs can 
enter the nucleus and integrate into the recipient cell’s genome, endowing recipient cells with stable desired molecule expression. Other cargos 
can reside in the cytoplasm for several passages and function with the desired purpose. Abbreviation: eExo, engineered exosomes

Table 6  Critical knowledge gaps of natural exosomes and eExo

eExo, engineered exosomes

Category Natural exosome eExo

Functional advantages

Targeting Lower Higher

Yield Lower Higher

Desired cargo Lower Higher

Therapeutic efficacy Lower Higher

Transitional bottlenecks

Isolation Complex engineering process

Purification Safety concerns

Standardization Regulatory hurdles

Unresolved scientific controversies

Origin and biogenesis Optimal engineering strategies
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ing in rats. Nevertheless, several drawbacks still exist: 1) 
the transfected oligonucleotides may alter target gene 
expression in parental cells, and 2) the remaining trans-
fection reagents may affect the encapsulation of modified 
exosomes.[68]

Post‑exosomal approach
Post-exosomal modification strategies refer to the direct 
manipulation of exosomes after isolation, including co-
incubation, chemical surface modification, sonication, 
electroporation, extrusion, and freeze–thaw cycles.

Fig. 8  Pre-exosomal and post-exosomal strategies for eExo. According to different targeted molecules, the modification of contents (proteins, 
lipids, and nucleic acids such as mRNA, miRNA, siRNA, and circRNA) or surfaces (ligands) can endow eExo with enhanced increased concentrations 
of effector molecules or targeting abilities. A Pre-exosomal approaches include manipulation of parental cells prior to exosome isolation, 
including genetic manipulation and co-incubation. B Post-exosomal approaches refer to the direct manipulation of exosomes after exosome 
isolation, comprising cargo engineering and surface modification
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Co‑incubation  Along with the concentration gradient, 
co-incubation loads exosomes with therapeutic cargos, 
especially hydrophobic molecules (e.g., drugs and RNAs). 
This procedure causes minimal damage to exosomal 
membrane integrity.[121] The drawbacks of co-incuba-
tion include the limited loading efficiency owing to reli-
ance on cargo hydrophobicity and concentration gradient, 
difficulty in controlling the loading amount, and the use 

of surface permeabilizers (e.g., Triton), which may affect 
cargo properties and cause hemolysis in  vivo.[117, 121, 
122]

Chemical surface modification  Chemical surface modi-
fication involves conjugating the exosomal surface with 
specific targeting ligands. Click chemistry is a good exam-
ple of a rapid and selective reaction with high yields, mak-

Fig. 9  Biohybrid approach for eExo. A Schematic of the preparation of oxygen nanobubble and EBO nanoparticles. B Crosslinking mechanisms 
and the structure of EBO-Gel. C EBO-Gel can enhance wound healing by hemostasis, enhanced delivery of exosomes, oxygen supply, 
and angiogenesis. Abbreviations: ASC, adipose-derived stem cells; EBO, exosome coated bovine serum albumin-based oxygen nanobubbles; GA, 
gelatin; PVA, polyvinyl alcohol.[141]
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ing it suitable for surface modification [123, 124]. Among 
the various click reactions, Cu-catalyzed azide-alkyne 
cycloaddition is frequently chosen for the formation of 
triazole bonds because it allows rapid and efficient con-
jugation.[124]

Sonication  Sonication enables the diffusion of desired 
agents into the exosomal lumen by temporarily weaken-
ing the integrity of exosome membranes.[125, 126] Du 
et  al.[127] designed exosomes by loading a ferroptosis 
inducer (erastin) and photosensitizer (Rose Bengal) via 
sonication. Fluorescence-labeled eExo were tracked to 
analyze their distribution in  vivo. However, sonication 
might also cause aggregation and degradation of the deliv-
ered cargo (e.g., RNAs) and asymmetry of cargo loading 
(outer or inner layer).[113, 122]

Electroporation  Electroporation utilizes an electrical 
field to induce transient permeabilization of exosomal 
membranes for exogenous cargo loading [128]. Wan 
et al.[129] reported the delivery of Cas9 ribonucleoprotein 
into exosomes through electroporation. However, similar 
to sonication, electroporation can also lead to RNA cargo 
aggregation.[130–132] Thus, monitoring electropora-
tion parameters and exogenous cargo concentrations is 
important for successful application [113, 133].

Extrusion  Extrusion can induce exosomal membrane 
disruption and obtain cargo-loaded exosomes simulta-
neously. During the extrusion process, mixed exosomes 
and therapeutic agents were squeezed into an extruder.
[134] This method can also be applied for the acquisition 
of exosome mimics. Zhang et al.[135] mixed dapagliflozin 
and iPSC-derived endothelial cells, followed by extrusion 
to obtain dapagliflozin-loaded exosome mimetics. These 
dapagliflozin-loaded exosome mimetics exhibited pro-
angiogenic and pro-healing effects via the HIF-1α/VEGFA 
pathway in diabetic mice. However, high mechanical force 
may alter the exosomal membrane structure and physico-
chemical properties.[136]

Freeze–thaw cycles  Freeze–thaw cycles utilizes the 
repeat temperature changes (from −80 °C to 37 °C) to load 
cargo into exosomes.[122] Hajipour et  al.[137] reported 
that freeze–thaw cycles can be used for loading human 
chorionic gonadotropin into uterine exosomes. Neverthe-
less, in addition to limited loading efficiency, the short-
comings of freeze–thaw cycles include the potential to 
inactivate proteins, aggregate exosomes, and alter exoso-
mal membrane stability.[113, 138]

Biohybrid approach
In biohybrid strategies, exosomes are generated by fus-
ing exosomes with artificial materials.[98] Within the 
body, exosomes have a high probability of reuptake by 
neighboring cells. Therefore, exosomes possess a short 
half-life, instability, and low long-term retention after 
administration.[139] Hence, incorporating exosomes into 
biomaterials may be a powerful approach for enhanc-
ing the stability of exosomes and realizing controlled 
sustained release in  vivo. eExo can be grafted onto bio-
material surfaces, encapsulated inside biomaterials, and 
integrated into nanoparticles.

eExo@biomaterials  Combining eExo with biomateri-
als (scaffolds) is similar to the sequestration of growth 
factors in ECM, allowing the special attachment of eExo 
and biomaterials and eventually enhancing eExo stability 
and realizing a controlled sustained release. Considering 
the antimicrobial properties of silk fibroin, Li et al.[140] 
attached miR146a-loaded eExo to a silk fibroin patch (SFP) 
and investigated the pro-healing effect of the miR146a-
eExo@SFP. The results showed that the miR146a-eExo@
SFP group was superior to the miR146a-eExo-only and 
untreated groups in driving diabetic wound healing, with 
anti-inflammatory effects and narrowest scar widths, 
bringing new hope for chronic wound treatment.

eExo within  biomaterials  eExo within biomaterials 
technology is to embed eExo within biomaterials. One 
example is the coating of the membrane of ASC-derived 
exosomes with oxygen nanobubbles (ONB), allowing the 
reassembly of exosomes around the ONB by ultrasonica-
tion and embedding exosome-coated ONB within a self-
healing hydrogel dressing.[141] This system exhibited 
oxygen-release properties and contributed to scarless 
wound healing in a rat model (Fig. 9).[141]

eExo into  nanoparticles  Loading exosomes with nano-
particles can lead to synergetic functions on skin regener-
ation. Li et al.[142] synthesized SF-ε-Poly-L-Lysine (EPL) 
composite nanoparticles (nSF-EPL). Further, the nSF-EPL 
were loaded with polydeoxyribonucleotide (PDRN) to 
form nSF-EPL-PDRN, which were subsequently assem-
bled with negatively charged exosomes to generate nSF-
EPL-PDRN@Exo. In  vivo research results showed the 
composite nanoparticles exhibited excellent anti-inflam-
matory and pro-angiogenesis capabilities, thus accelerat-
ing the healing of chronic diabetic wounds and reducing 
scarring.

Comparative analysis of exosome engineering strategies
Different engineering strategies have different character-
istics; therefore, a comprehensive comparative analysis of 
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these strategies is essential. The following matrix evalu-
ates common engineering methods based on specificity, 
scalability, clinical readiness, and technical complexity 
(Table 8).

Reconcile the scalability of production with personalized 
treatment
Scalability requirements  Large-scale production of 
eExo is essential for widespread clinical use. This involves 
establishing efficient and reproducible manufacturing 
processes, from cell culture to exosome isolation and 
engineering [143]. Scalable production methods need to 
ensure consistent quality, high yield, and cost-effective-
ness.

Personalized treatment demands  Personalized treat-
ment for chronic wounds and scars depends on the indi-
vidual patient characteristics. Factors such as the patient’s 
genetic background, immune status, wound or scar sever-
ity and stage, and comorbidities can influence the optimal 
treatment approach [144]. In the context of exosome ther-
apy, this means that the type of exosomes (autologous or 
allogeneic), their engineered modifications, and the dos-
ing regimen may need to be tailored to the specific needs 
of each patient.​

The choice between  autologous and  allogeneic 
exosomes  Autologous exosomes, derived from the 
patient’s own cells offer the advantage of minimal immu-
nogenicity. Since they are genetically matched to the 
patient, there is a lower risk of immune rejection, mak-
ing them an ideal choice for personalized treatment [145]. 

However, the production of autologous exosomes is highly 
individualized and time-consuming.

In contrast, allogeneic exosomes, sourced from healthy 
donors or cell lines, have the potential for scalable pro-
duction [146]. A single batch of allogeneic exosomes 
can be used to treat multiple patients, reducing the 
production time and cost per patient. However, alloge-
neic exosomes may trigger immune responses in some 
patients, although the risk is generally lower compared 
to whole cells [147]. To mitigate this risk, careful donor 
selection, pre-treatment of exosomes to reduce immuno-
genicity, and immune monitoring during treatment are 
necessary.

Strategies for  reconciling scalability and  personaliza‑
tion  Reconciling the scalability of eExo production 
with personalized treatment for chronic wounds and 
scars is a complex but essential task. The choice between 
autologous and allogeneic exosomes, combined with the 
development of standardized platforms [148], biomarker-
guided personalization [149], and hybrid approaches 
[150], can help bridge this gap. Further research is needed 
to optimize these strategies, improve the understanding of 
exosome-host interactions, and ultimately translate eExo 
therapy into more effective and accessible treatments for 
patients with chronic wounds and scars.​

Preserving the inherent advantages of natural exosomes 
during engineering processes
The prominent advantages of natural exosomes are 
their high biocompatibility and low immunogenicity. 

Table 8  Comparative analysis of exosome engineering strategies

Categories Specificity Scalability Clinical Readiness Technical 
Complexity

Preconditioning Moderate: modifies overall cellular state 
rather than precisely targeting specific 
molecules

Moderate Moderate: more research is needed Low

Genetic manipulation High: enables precise control over the exo-
some cargo by modifying the donor cell 
genome

Low Low: concerns about off-target effects, 
immunogenicity, and long-term safety 
in humans remain

High

Co-incubation Low: lacks specificity in targeting Moderate Low: the stability of the loaded molecules 
and potential immune responses need 
to be addressed

Low

Chemical surface modification Moderate: the specificity of the therapeutic 
effect may be limited

Moderate Moderate: more research is required Moderate

Sonication Low: lacks specificity in targeting Low Low: concerns about potential damage 
to exosome functionality remain

Moderate

Electroporation Moderate: not highly specific in targeting 
certain cell types or pathways

Moderate Moderate: more research is required Moderate

Extrusion Low: lacks specificity in targeting Moderate Low: limited preclinical and clinical evidence Moderate

Freeze–thaw Low: lacks specificity in targeting Low Low: limited preclinical and clinical evidence Low
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Preserving the inherent advantages of natural exosomes 
during engineering processes is critical.

Engineering strategies such as physical, chemical, and 
genetic approaches can pose a threat to biocompatibility 
and immunogenicity. Preserving the high biocompatibil-
ity and low immunogenicity of natural exosomes during 
the engineering process is pivotal to the successful devel-
opment of eExo-based therapies. This can be achieved 
by: (1) carefully considering the engineering methods, 
(2) implementing strict quality control measures, and 
(3) applying appropriate post-engineering treatments. 
These steps will help ensure that eExo retain their abil-
ity to interact harmoniously with host tissues and cells. 
Continued research and innovation in these areas will 
be crucial for maximizing the therapeutic potential of 
exosomes and translating them into safe and effective 
clinical treatments.

eExo for chronic wounds and pathological 
scarring–in vitro and in vivo studies
Various in vitro and in vivo studies have been conducted 
to investigate the functions and mechanisms of eExo in 
the treatment of chronic wounds and pathological scar-
ring. Currently, inducing a full-thickness excisional 
wound along with an underlying disease is a prevalent 
approach to create chronic wound models, such as dia-
betic models, arterial insufficiency peripheral arterial dis-
ease models, ischemic skin flap and graft models, venous 
stasis ulcers, and pressure ulcers.[151] As for pathologi-
cal scars, rabbit ear model is the widely used established 
model of HS, whereas well-accepted keloid models have 
not been constructed yet. Fortunately, gratifying achieve-
ments have been made.[152] Nonetheless, the func-
tions and mechanisms underlying eExo functions have 
not been systematically summarized. Here, we classified 
eExo for chronic wounds and scarring treatment based 
on their major functions: “4-pro” and “5-anti” effects, and 
the effector molecules and pathways are also outlined 
(Table 9). The multiple functions of eExo applied in pro-
moting chronic wound healing are depicted in Fig. 10.

Promoting cell proliferation
The proliferation of fibroblasts and keratinocytes is vital 
in wound closure.[9, 153] Engineering methodologies 
have been developed for promoting cell proliferation. 
Hypoxic preconditioning of human adipose-derived stem 
cells (hASC) altered the miRNA expression profiles of 
exosomes (HypASC-exo) [116]. HypASC-exo could pro-
mote fibroblast proliferation, migration, re-epithelializa-
tion, and ECM secretion, resulting in increased diabetic 
wound healing via the PI3 K/AKT signaling pathway. 
Electroporation was utilized in a study to overexpress 

miR-21-5p in ASC-exosomes (ASC-exo), which also 
exhibited excellent effects on promoting keratinocyte 
proliferation and migration through Wnt/β-catenin 
signaling in  vitro and speeding up re-epithelialization, 
angiogenesis, vessel maturation, and collagen remod-
eling in vivo.[154] Similarly, Gondaliya et al.[155] loaded 
a miR-155 inhibitor into MSC exosomes via modified 
calcium-mediated transfection, which exhibited positive 
effects on keratinocyte migration, re-epithelialization, 
angiogenesis, and collagen deposition.

Promoting angiogenesis
Angiogenesis is essential for adequate wound healing, 
because new vasculature is necessary to bring nutrients, 
oxygen, and immune cells to the chronic healing wounds. 
Thus, exploring engineering strategies aiming at increas-
ing the pro-angiogenic ability of eExo is becoming a 
research hotspot.

Preconditioning of parental cells could endow 
exosomes with enhanced pro-angiogenic ability. Yu 
et  al.[156] reported that atorvastatin pretreatment of 
human bone marrow MSC (hBMSC) could enhance the 
pro-angiogenic capacity of hBMSC-exosomes (hBMSC-
exo) in on diabetic wound through the AKT/endothelial 
nitric oxide synthase (eNOS) pathway. Similarly, pretreat-
ment of BMSC with pioglitazone increased VEGF and 
CD31 expression in BMSC-exo and stimulated the angio-
genesis of diabetic wound via the PI3 K/Akt/eNOS path-
way.[157] Huang et al.[120] developed a innovative RNAi 
therapy by which exosomes were loaded with miR-31-5p 
to stimulate angiogenesis, contributing to diabetic wound 
healing. Yan et al.[158] directly encapsulated miR-31-5p 
mimics into milk-derived exosomes via electroporation, 
which displayed pro-angiogenic activity both in vitro and 
in vivo.

Promoting ECM deposition
During the early stages of wound healing, facilitating 
ECM synthesis and deposition is particularly beneficial. 
For instance, Ma et  al.[159] reported exosomes from 
miR-126-3p-overexpressing ASC could increase col-
lagen deposition in the wound beds in  vivo,. Similarly, 
researches by Hu et  al.,[157] Lv et  al.,[154] Gondaliya 
et  al.,[155] Ma et  al.,[159] Qian et  al.[160] also demon-
strated eExo promote ECM deposition, which is condu-
cive for adequate wound healing, thus preventing chronic 
wounds and aberrant scarring.

Promoting nerve regeneration
Nerve regeneration are important constituents for fully 
functional skin. Evidence indicates that traumatic impair-
ment of peripheral innervation could lead to chronic 
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Fig. 10  Examples of eExo for promoting chronic wound healing. A The co-incubation of hUCSC-exo and miR-181c endows eExo with elevated 
level of miR-181c. MiR-181c can interact with TLR4 mRNA, alleviating TLR4 signaling pathway and downstream NF-κB signaling pathway 
in macrophages, subsequently reducing burn-induced inflammation.[97] B The utilization of electroporation encapsulates miR-31-5p mimics 
into milk-derived exosomes (mEXO-31). MiR-31-5p can interact with HIFIAN mRNA and decrease the expression of HIFIAN protein, displaying 
pro-angiogenic activity.[158] C eExo derived from long non-coding RNA (lncRNA) H19-transfected MSC can suppress apoptosis and inflammation 
and stimulate the diabetic wound healing process in vivo via the lncRNA H19/miR-152-3p/PTEN axis.[172] D EXPLOR system is applied to produce 
eNOS-enriched UCSC-derived exosomes. As results, eNOS-enriched eExo can enhance cellular antioxidant capacity, neovascularization, and matrix 
remodeling while alleviating apoptosis and inflammation via multipathway activation, ultimately accelerating wound closure and preventing skin 
scarring.[177]
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wounds, which might even fail to heal. Subsequent stud-
ies indicated that denervated skin could impair normal 
wound healing.[161, 162] Zheng et  al.[163] reported 
that ASC-exo encapsulated with neurotrophin-3 mRNA 
could restore the nerve regeneration in vivo. A previous 
study by Zhu et al.[164] reported that hUCSC-exosomes 
(hUCSC-exo) could treat cutaneous nerve damage, which 
further promoted skin nerve regeneration.[164] Qian 
et  al.[160] fabricated an asymmetric wettable dressing 
with a composite of exosomes and silver nanoparticles to 
accelerate nerve repair in infected wound healing.

Anti‑inflammation
Excessive and extended inflammation, independent of 
fibrosis, is one factor that determines pathological scar-
ring, blocking the path to scarless healing.[29, 165] Thus, 
anti-inflammatory agents are the predominant target of 
anti-scarring management. Li et  al.[97] reported that 
co-incubation of hUCSC-exo with miR-181c repressed 
the burn-induced inflammation (reduced inflammatory 
factor release, including IL-1β and TNF-α) by targeting 
toll-like receptor 4 and downstream NF-κB/p65 signal-
ing, providing a potential target for burn therapy. Liu 
et  al.[166] reported that exosomes derived from mela-
tonin-pretreated hBMSC significantly suppressed the 
inflammatory response by regulating the ratio of M2 
(anti-inflammatory) to M1 (pro-inflammatory) polariza-
tion via the phosphatase and tensin homolog (PTEN)/
AKT signaling pathway, exerting strong effects on dia-
betic wound healing.

Anti‑fibrosis
Considering that excessive matrix deposition impels 
fibroblasts into a state of high mechanical stress, lead-
ing to pathological scarring,[167] preventing excessive 
fibrosis in the wound healing process is an important 
aspect of anti-scarring. Jiang et  al.[168] constructed 
tumor necrosis factor-stimulated gene-6 (TSG-6)-over-
expressing and -knockdown hBMSC via lentivirus infec-
tion and collected exosomes from the two cell lines. 
Exosomes from TSG-6 overexpressing hBMSC exhib-
ited excellent effects in attenuating excessive collagen 
and inflammatory cytokines in  vivo, ultimately ame-
liorating pathological scar formation. Similarly, Yuan 
et  al.[169] used a thermal mouse model to determine 
the anti-fibrosis and anti-scarring effect of exosomes 
from miR-29a-modified hASC by targeting the TGF-β2/
mothers against decapentaplegic homolog 3 (Smad3) 
signaling pathway. Moreover, eExo combined with bio-
materials exhibited pro-healing and anti-scarring effects. 
For instance, Li et al.[140] attached miR146a overexpres-
sion exosomes (miR146aOE-eExo) to silk fibroin patches 

and demonstrated its superiority to the untreated group 
or monotherapy in promoting diabetic wound healing.

Additionally, eExo show inspiring effect on pathological 
scarring that already has formed. One study used eExo 
for scar treatment based on a New Zealand rabbit HS 
model. Meng et  al.[170] engineered exosomes encapsu-
lating miR-141-3p (MiR-141-3pOE-eExo) and fabricated 
a dissolvable microneedle array (DMNAs) for sustained 
release. The MiR-141OE-eExo@DMNAs could effectively 
decrease the HS thickness and improve fibroblast distri-
bution and collagen arrangement via downregulating the 
TGF-β2/Smad pathway [170].

Anti‑apoptosis
Inhibiting apoptosis of skin cells in the wound area also 
benefits wound closure.[171] Li et al.[172] demonstrated 
that exosomes derived from long non-coding RNA 
(lncRNA) H19-transfected MSC suppressed apoptosis 
and inflammation and stimulated the diabetic wound 
healing process in vivo via the lncRNA H19/miR-152-3p/
PTEN axis. Similarly, Zhang et  al.[173] reported that 
hypoxia-pretreated hUCSC induced miR-125b tran-
scription, which was further encapsulated into hypoxic 
exosomes, alleviating apoptosis and promoting the pro-
liferation of endothelial cells via the miR-125b/TP53INP1 
axis.

Anti‑senescence
Cell senescence usually causes the loss of cellular func-
tion and inflammation of adjacent normal cells via the 
senescence-associated secretory pattern.[174] Elimi-
nating or inhibiting senescence is a potential strategy 
for promoting wound healing. Li et  al.[175] collected 
exosomes from Nrf2-overexpressing hASC and revealed 
the pro-healing role of Nrf2 by inhibiting senescence and 
inflammation while promoting angiogenesis and granula-
tion tissue formation in a diabetic rat model.

Anti‑oxidation
A hostile oxidative wound microenvironment is an 
important obstacle in refractory wound healing [176]. 
Zhao et  al.[177] utilized an original EXPLOR system 
(genetic engineering combined with optogenetic tech-
niques) to produce eNOS-enriched UCSC-derived 
exosomes for treating chronic diabetic wounds. The 
results revealed that eNOS-enriched UCSC-exo 
enhanced cellular antioxidant capacity, neovasculariza-
tion, and matrix remodeling while alleviating apoptosis 
and inflammation via multiple signaling pathways (PI3 K/
Akt/mechanistic target of rapamycin [mTOR], and focal 
adhesion kinase/extracellular signal-regulated kinases 1 
and 2 [FAK/ERK1/2]) in diabetic mice, ultimately accel-
erating wound closure and preventing skin scarring. 
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Xiong et al.[178] discovered that miR-15a-3p in circulat-
ing exosomes could induce the release of reactive oxygen 
species and impair wound healing. They knocked down 
exosomal miR-15a-3p, partially reversing its negative 
effects on wound healing in vitro and in vivo.

Preclinical and clinical applications of eExo 
for chronic wounds and pathological scars
Preclinical studies
Sousa et  al.[179] reviewed the animal models used in 
wound healing during 2018 to 2023, reporting that 
rodents occupy the largest proportion of research involv-
ing exosome-based therapies (96.6%).

Despite the advantages of small animal models, there 
are associated limitations, including skin thickness, fast 
hair growth cycles, follicular patterns, eccrine glands, 
and wound size.[180] Moreover, rodents possess a subcu-
taneous panniculus carnosus muscle, which accelerates 
wound contraction.[181] Therefore, rodent models are 
commonly used in the initial stages of developing novel 
therapeutic approaches. More complex animal mod-
els are indispensable for further investigations because 
of their similarities to human species, such as rabbits, 
ovines, swine, dogs, and non-human primates.

However, the utilization of larger animal models is 
hindered by their high cost, difficult handling, and large 
setup requirements. Pigs, for instance, are considered 
the standard models for wound-healing studies because 
of the resemblance of their skin to that of humans. How-
ever, no studies have been conducted on this species. 
Likewise, no studies of eExo for chronic wound healing 
in rabbits, dogs, ovines, and swine have been conducted. 
Despite sharing many similarities with humans, non-
human primates are rarely used mainly because of ethical 
concerns.[180]

Fortunately, the effect of eExo on pathological scars 
have been investigated on rabbit HS model.[170] As 
results, MiR-141-3pOE-eExo@DMNAs could reduce 
ECM deposition and HS thickness. Nevertheless, more 
diverse and complicated animal models are necessary 
to bridge the gap between the current findings on func-
tions and mechanisms and their practical application in 
human beings.

Clinical trials
Promotion of chronic wound healing and prevention of 
scar formation supplement each other. Therefore, preven-
tion and early treatment are crucial for scar management. 
Although eExo exhibit a distinctive role in promoting 
wound healing and reducing skin scarring, the clini-
cal application of exosomes remains fraught with mani-
fold challenges[182]. We sourced clinical trials involving 
exosomes for wound healing and skin scarring from 

https://​clini​caltr​ials.​gov, https://​www.​anzctr.​org.​au/, and 
https://​pubmed.​ncbi.​nlm.​nih.​gov/, and summarized the 
representative ongoing clinical trials in Table 10.

Phase 1 clinical trials
Most clinical trials of stem cell-CM, EV, and exosomes 
are in Phase I. In 2019, a phase I clinical trial 
(NCT04134676) of stem cell-conditioned medium 
was conducted to measure its therapeutic potential in 
chronic ulcer wounds. In 2020, the safety and therapeu-
tic utility of clinical-grade platelet EV were also inves-
tigated by Johnson et  al.[183] in a phase I clinical trial 
(ACTRN12620000944932). In 2020, the therapeutic 
value of the plasma-derived exosomes was investigated 
in a clinical trial (NCT02565264). A phase I clinical trial 
that tested the efficacy and safety of the combination 
treatment of exosomes derived from ASC and fractional 
CO2 laser on acne scars was also conducted by KWON’s 
team [69]. All 25 patients showed greater improvement 
in the appearance of acne scars than their controls over 
12 weeks, exhibiting reduced postprocedural erythema 
and shorter downtime.[69]

Phase 2 clinical trials
In 2020, phase 1 and 2 clinical trials (NCT04326959) of 
UCSC-CM for keloid treatment were initiated. UCSC-
CM treatment was administered to the keloids via 
intralesional injection, and keloid regression, includ-
ing immunohistochemistry, histopathology, and imag-
ing, was evaluated 3  months after injection. In 2024, 
a phase 2a multicenter prospective randomized trial 
(NCT06319287) to evaluate the safety and efficacy of 
topical (purified exosome product) PEP-TISSEEL for dia-
betic foot ulcers was initiated in the United States.

Phase 4 clinical trials
In 2023, a phase 4 clinical trial (NCT05887804) was con-
ducted to compare the therapeutic potential of intral-
esional UCSC, UCSC-CM, and triamcinolone acetonide 
injections as keloid therapies. This research aimed to 
study keloid volume reduction and changes in the Patient 
and Observer Scar Assessment Scale score.

Other clinical trials
In 2022, a one-arm pilot study (NCT05475418) of human 
adipose tissue-derived exosomes (AT-exo) promoting 
wound healing was initiated by the Shanghai Ninth Peo-
ple’s Hospital Affiliated with Shanghai Jiao Tong Univer-
sity. In 2024, the same team conducted a randomized, 
controlled, multicenter study (NCT06253975) on human 
adipose tissue-derived EV (AT-EV) to investigate their 
therapeutic efficacy for full-layer skin ulcers. Overall, 

https://clinicaltrials.gov
https://www.anzctr.org.au/
https://pubmed.ncbi.nlm.nih.gov/
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these studies suggest that eExo have the potential to pro-
mote wound healing and improve scar appearance in 
human with minimal adverse effects. However, larger and 
more rigorous clinical trials are required to fully evaluate 
the safety and efficacy of eExo-based therapies for wound 
healing and scar management.

Translational challenges: bridging the gap from preclinical 
to clinical application
eExo hold promise in the treatment of chronic wounds 
and scars, but there are translational challenges between 
preclinical findings and clinical applications. Barriers 
including immunogenicity, manufacturing scale-up, and 
regulatory considerations are listed in Table 11.

Immunogenicity
Animal models may show antibody production and 
cell-mediated immune responses against engineered 
exosomes. The source of exosomes (for instance, alloge-
neic vs. autologous) and engineering methods influence 
immunogenicity. High doses or certain administration 

routes can exacerbate the immune response [184]. Clini-
cal trials report local inflammation, systemic immune 
responses, and antibody formation against exosomes in 
patients [185]. Patient-specific factors like immune sta-
tus, age, and comorbidities also play a role in immune 
response. Autologous exosomes are preferred, but chal-
lenges remain in their large-scale production. Using 
autologous exosomes and modifying exosome surfaces 
with PEG or immunosuppressive ligands can reduce 
immunogenicity.

Manufacturing scale‑up
Preclinical studies require small-scale production of 
eExo in laboratory settings, often with limited stand-
ardization. Methods may be labor-intensive and have 
low yields. Conversely, clinical trials demand large-scale 
production to treat a sufficient number of patients. Scal-
ing up requires maintaining the quality, consistency, 
and functionality of exosomes. The lack of standard-
ized manufacturing protocols is a major obstacle [186].​ 
Thus, developing automated and efficient isolation and 

Table 10  Clinical trials of exosomes for the treatment of chronic wounds and pathological scarring

ASC, adipose-derived stem cells; EV, extracellular vesicles; AT-exo, adipose tissue-derived exosomes; UCSC-CM, umbilical cord mesenchymal stem cell-derived 
conditioned medium; PEP, purified exosome product; POSAS, Patient and Observer Scar Assessment Scale; n/a, not applicable

Clinical trial number/PMID Conditions Interventions Phase Outcome measures

Phase 1
NCT04134676 Chronic Ulcer Conditioned Media Phase 1 Ulcer size, granulation tissue, edema, and erythema 

at 2 weeks

ACTRN12620000944932 Wounds Platelet-derived EV Phase 1 Adverse events and wound healing time

NCT02565264 Ulcer Plasma-derived exosomes Phase 1 Ulcer size and pain at 28 days

33,073,298 Acne scars ASC-derived exosomes Phase 1 Evaluation of scar improvement and side effects 
at 3 weeks

Phase 2
NCT04326959 Keloid UCSC-CM Phase 1 & 2 Immunohistochemistry, histopathology, and imaging 

of keloid at 3 months

NCT06319287 Diabetic foot ulcer PEP/TISSEEL Phase 2 Percent area reduction of wound at 12 weeks

Phase 4
NCT05887804 Keloid UCSC-CM Phase 4 Keloid volume reduction at 15 weeks, and POSAS score 

reduction at 17 weeks

Others
NCT06253975 Wound heal AT-EV n/a Wound healing percentage at 10 weeks

NCT05475418 Wounds and injuries AT-exo n/a Wound healing percentage at 4 weeks

Table 11  Barriers of preclinical vs clinical findings

Category Preclinical studies Clinical trails

Immunogenicity Antibody production, and cell-mediated immune responses Local inflammation, systemic immune 
responses, and antibody formation

Manufacturing scale-up Small-scale, labor-intensive, and low yields Large-scale, and lack of standardization

Regulatory considerations Less complex Complex
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engineering methods, utilizing bioreactors for large-scale 
production, and establishing standardized manufacturing 
processes for quality control are of great value.

Regulatory considerations
Regulatory requirements for preclinical studies are rela-
tively less complex but depend on proper study design 
and data integrity [187].​ However, the regulatory land-
scape for eExo-based therapeutics is evolving and com-
plex. There is a lack of clear and specific guidelines in 
many regions regarding product definition, quality con-
trol, and clinical trial design.

Concluding remarks and future perspectives
eExo-based therapies are experiencing"From Bench to 
Bedside". The preclinical milestones, clinical develop-
ment, and regulatory considerations are depicted in 
Fig.  11. Despite the encouraging achievements of eExo, 
several challenges remain. (1) Scalability of eExo produc-
tion: despite the revolution of current methods for exo-
some isolation and purification, more time-saving and 
labor-saving techniques are needed to produce large 
quantities of exosomes for clinical use. (2) Delivery of 
exosomes to target tissue: although the targeting ability 
of eExo has been improved in several studies, they are 
still rapidly cleared from circulation by the reticuloen-
dothelial system, limiting their delivery to target tissue 
and thus limiting their efficacy as systemic therapeutics 
[188]. Unconventional delivery strategies, such as tar-
geted exosome delivery using nanoparticles or cell-based 
carriers, are being developed to improve the specificity 
and efficacy of exosome-based therapies. (3) Safety and 
regulatory considerations: as with any new therapeu-
tic approach, safety and regulatory considerations are 
important in the development of eExo-based therapies. 

Potential off-target effects, immunogenicity, and toxicity 
should be carefully evaluated in preclinical and clinical 
studies. Regulatory agencies such as the Food and Drug 
Agency are also developing guidelines for the use of exo-
some-based therapies in clinical settings.

A potential area for further exploration could is the 
role of advanced wound care dressings, which could pro-
vide a more complete picture of the current landscape of 
non-healing wound management. Such dressings often 
incorporate engineered exosomes and new technologies 
to create a favorable environment for wound healing. 
The dressings include hydrogel dressings, which absorb 
excess exudate while maintaining a moist environment; 
alginate dressings, derived from seaweed, which are 
absorbent and can help manage heavy exudate; foam 
dressings, which provide cushioning and absorption, 
making them suitable for wounds with moderate to heavy 
exudate; and silver-containing dressings, which can help 
prevent infection because silver has antimicrobial prop-
erties. Another type of advanced wound care dressing is 
negative pressure wound therapy (NPWT), in which gen-
tle suction is applied to the wound, promoting drainage 
and reducing edema.

Despite the abovementioned challenges, the potential 
of eExo in wound healing and scar management remains 
promising. Except for conquering the challenges, future 
research should focus on improving engineering tech-
niques, optimizing delivery methods, identifying specific 
pro-healing and anti-scarring cargo molecules, and delv-
ing into the mechanisms, to further enhance the effec-
tiveness of eExo. Overall, eExo-based therapeutics are 
rapidly evolving and hold great promise for wound heal-
ing and scar prevention.

Fig. 11  From Bench to Bedside of eExo-based therapy. (A) Preclinical milestones: including in vitro studies, and animal model efficacy and safety 
evaluations, and lead candidate selection. (B) Clinical development: including Phase I, II, and III clinical trials. (C) Regulatory considerations: 
Critical aspects including IND/NDA submissions, adherence to GMP for production, and interactions with relevant regulatory agencies (e.g., FDA). 
Abbreviations: IND, Investigational New Drug; NDA, New Drug Application; GMP, Good Manufacturing Practice; FDA, Food and Drug Agency
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