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Abstract
Wound healing is a complex, multi-stage process that restores skin integrity through coordinated cellular 
and molecular interactions. Among the emerging therapeutic strategies, adipose-derived stem cell exosomes 
(ADSC-Exos) attract significant attention due to their potent regenerative capabilities. ADSC-Exos contribute 
to wound repair by modulating inflammatory responses, promoting cellular proliferation and migration, 
stimulating angiogenesis, and facilitating collagen remodeling. These exosomes carry a diverse array of bioactive 
molecules including cytokines, non-coding RNAs (ncRNAs), and proteins, that are delivered to target cells, 
thereby orchestrating the intricate processes involved in tissue regeneration. Recent advancements in exosome 
engineering, such as genetic modification, pharmacological preconditioning, hypoxic treatment, and incorporation 
with biomaterials, markedly improve the therapeutic efficacy of ADSC-Exos. This review summarizes the underlying 
mechanisms and therapeutic potential of ADSC-Exos in wound healing, offering new perspectives for developing 
exosome-based regenerative therapies. Nevertheless, challenges persist regarding the large-scale production, 
standardized isolation, and clinical translation of ADSC-Exos. Future research should aim to enhance exosome yield 
and purity, elucidate the mechanisms governing exosome biogenesis, and validate their clinical efficacy through 
well-designed trials.
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Introduction
Skin wounds are disruptions in the structure and 
integrity of the skin tissue, resulting from various 
intrinsic pathological conditions or external mechani-
cal factors [1]. Wound healing is initiated immedi-
ately after a skin injury, following a well-defined and 
sequential process aimed at restoring the skin’s barrier 
function. During the process, there are four overlap-
ping and interdependent phases: hemostasis, inflam-
mation, proliferation, and tissue remodeling [2]. The 
regulation of these phases is mediated by a complex 
interplay of cytokines, chemokines, and growth fac-
tors. Any disturbances in these molecular interactions 
can hinder the healing process and contribute to scar 
formation [3]. Failure of proper healing, or delayed 
healing of skin wounds, can lead to both local and sys-
temic pathological consequences, causing significant 
pain and imposing a substantial economic burden on 
patients [4]. Various strategies have been explored 
to enhance wound healing, including diverse wound 
dressings [5], negative pressure suction [6], skin sub-
stitution therapy [7], flap grafting [8], and stem cell 

transplantation [9]. Despite the effectiveness of these 
interventions in optimizing wound care, challenges 
such as atrophic scarring, pigmentation abnormalities, 
and immune rejection persist [10] (Fig. 1).

Adipose tissue, the largest endocrine organ in the 
body, plays a pivotal role in regulating both metabo-
lism and the immune system and is found throughout 
the body [11]. It is primarily composed of adipocytes 
and the stromal vascular fraction (SVF). The SVF con-
sists of a heterogeneous population of cells, predomi-
nantly adipose-derived stem cells (ADSCs), along with 
various immune cells, fibroblasts, stromal cells, and 
vascular endothelial cells [12]. ADSCs are easily iso-
lated from the SVF of liposuctioned subcutaneous adi-
pose tissue, following collagenase digestion [13].

ADSCs are a population of multipotent stem cells 
with extensive differentiation potential, capable of dif-
ferentiating into various cell types, including adipo-
cytes, osteocytes, chondrocytes, myocytes, epithelial 
cells, and neuronal cells [14, 15]. ADSCs also possess 
the ability to secrete a range of paracrine factors, such 
as growth factors, cytokines, neurotrophic factors, 

Fig. 1  Four stages of normal wound healing. The wound healing process encompasses four sequential and overlapping phases: hemostasis and coagula-
tion, inflammation, proliferation, and remodeling. Macrophages, fibroblasts, vascular endothelial cells, and other cells undergo proliferation, polarization, 
and various processes, releasing a wide range of cytokines that collectively constitute this event. Biogenesis, contents, biomarkers, and intercellular com-
munication of exosomes. During exosome biogenesis, intraluminal vesicles (ILVs) and multivesicular bodies (MVBs) are formed by the invagination of the 
endosomal membrane. MVBs fuse with lysosomes to release ILVs, which are degraded in the lumen of the lysosomes, or with the plasma membrane to 
release exosomes. Exosomes are in the size range of 30 nm to 200 nm, with a specific subset of biomolecules, such as membrane proteins (CD63, CD9, Rab 
family), cytosolic proteins (HSP, KRAS, HMGB1), and major histocompatibility complexes (MHC-I, MHC-II). Exosomes also contain a diverse array of biologi-
cally active enzymes, lipids, mRNA, DNA, and non-coding RNAs (miRNAs, lncRNAs, circRNAs). For regulation of cellular functions, exosomes interact with 
the plasma membrane of recipient cells via the exosomal membrane or deliver biomolecules into the cells. Exosomes communicate with the recipient 
cell through direct fusion, receptor-ligand interactions, and endocytosis/phagocytosis
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chemokines, and vesicles [16]. Growth factors like vas-
cular endothelial growth factor (VEGF) and fibroblast 
growth factor (FGF) promote angiogenesis and fibro-
blast proliferation, respectively, while platelet-derived 
growth factor (PDGF) enhances collagen synthesis 
and tissue remodeling. Cytokines, such as the anti-
inflammatory interleukin-10 (IL-10) and transforming 
growth factor-β (TGF-β), help to suppress excessive 
inflammation and encourage extracellular matrix 
(ECM) deposition. In contrast, pro-inflammatory 
cytokines like tumor necrosis factor-α (TNF-α) and 
interferon-γ (IFN-γ) are downregulated during later 
stages to prevent chronic inflammation that could 
impair wound healing. Chemokines such as C-C motif 
chemokine ligand 2 (CCL2) and CXCL12 facilitate the 
recruitment of immune and stromal cells to the wound 
site, aiding in debris clearance and tissue regeneration. 
Together, these mediators coordinate cell recruitment, 
inflammation resolution, ECM remodeling, and re-
epithelialization, all of which are essential for effective 
wound healing. Paracrine signaling represents the pri-
mary mechanism through which ADSCs contribute to 
tissue regeneration, stimulate angiogenesis, and modu-
late immune responses [17].

Extracellular vesicles (EVs) are cell-derived particles 
enclosed by lipid bilayers, which can be classified into 
two main types: exosomes and multivesicular vesicles, 
based on their origins [18]. Exosomes, ranging from 
30  nm to 200  nm in diameter, are derived from the 
endosomes of eukaryotic cells [19]. There is consid-
erable heterogeneity both between different exosome 
types and within individual types, with some overlap 
in features with other EVs [20]. Regardless of their ori-
gin, exosomes consistently contain a specific subset of 
cellular proteins, including tetraspanins (CD81, CD63, 
CD9), heat shock proteins (HSP70, HSP90), endosomal 
biogenesis-associated proteins (ALIX, TSG101), and 
major histocompatibility complexes (MHC I, MHC 
II) [21]. In addition to proteins, exosomes also carry a 
diverse array of biologically active and conserved sub-
stances, such as lipids and nucleic acids [22]. These 
substances play a crucial role in intercellular com-
munication, being transferred to recipient cells and 
mediating various cellular functions [23]. The impact 
of exosomes is broad, influencing essential biological 
processes, such as cell proliferation, differentiation, 
metabolism, and apoptosis [24–26]. ADSC-Exos con-
stitute a significant portion of the secretory products 
of ADSCs [27], carrying a range of biologically active 
molecules, and acting as key mediators of the thera-
peutic effects of ADSCs [28].

ADSC-Exos offer distinct advantages over exo-
somes derived from other sources, primarily due to 
their accessibility and inherent biological properties. 

Adipose tissue, which is widely distributed, and eas-
ily accessible through minimally invasive liposuction, 
contains a high number of ADSCs, with colony-form-
ing units significantly surpassing those of bone mar-
row mesenchymal stem cells (BM-MSCs) [29]. This 
abundance of adipose tissue facilitates the large-scale 
production of ADSC-Exos, with fewer ethical con-
straints and simpler isolation procedures, compared 
to exosomes derived from cord MSCs or BMSCs [30]. 
ADSCs also exhibit robust proliferative capacity in 
vitro, ensuring efficient expansion and consistent exo-
some production, even in simplified culture systems 
supplemented with human platelet lysate. In contrast, 
other stem cell sources face scalability challenges due 
to donor variability or the onset of functional senes-
cence during prolonged culture [31]. ADSC-Exos are 
characterized by low immunogenicity and an absence 
of tumorigenic risks, conferring a superior safety 
profile. Additionally, the autologous nature of adi-
pose tissue minimizes the expression of MHC I/II on 
ADSC-Exos, significantly reducing the potential for 
immune rejection, compared to other sources of allo-
geneic exosomes [32]. Unlike exosomes derived from 
pluripotent or embryonic stem cells, ADSC-Exos elim-
inate concerns regarding teratoma formation. These 
factors collectively enhance productivity, batch consis-
tency, and the therapeutic potential of ADSC-Exos in 
diverse clinical applications.

ADSC-Exos have demonstrated significant thera-
peutic potential in the treatment of various clinical 
conditions, particularly in tissue regeneration, includ-
ing wound healing, bone tissue repair, and skin flap 
transplantation [33]. In the context of wound healing, 
ADSC-Exos have been shown to influence multiple 
stages of the healing process by delivering cytokines, 
ncRNAs, and other biologically active molecules [34]. 
Genetic modification of exosome contents [27], pre-
treatment of ADSCs [35], and the integration of exo-
somes with biomaterials can enhance the reparative 
effects of ADSC-Exos [36]. Therefore, this review 
focuses on summarizing the therapeutic effects and 
underlying mechanisms of ADSC-Exos in wound heal-
ing. A deeper understanding of their biological prop-
erties in this context will facilitate the development of 
ADSC-Exos-based therapeutic strategies.

Biogenesis of exosomes
Some initial insights have been gained into the process 
of exosome formation. The process begins with the 
inward budding of the endosomal membrane, followed 
by the formation of invaginations that are pinched off 
and released as intra-luminal vesicles (ILVs) within 
the endosome, resulting in the formation of multi-
vesicular bodies (MVBs) [37]. MVBs can follow either 
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the secretory or lysosomal pathway. In the secre-
tory pathway, MVBs fuse with the plasma membrane, 
releasing their ILVs as exosomes, while the peripheral 
membrane of the MVB is incorporated into the cell 
membrane. In the lysosomal pathway, MVBs fuse with 
lysosomes, where ILVs are degraded within the lyso-
somal lumen.

During this process, exosomes selectively encapsu-
late specific proteins and lipids into the endosomal 
membrane. Monoubiquitination of the cytoplasmic 
domains of transmembrane proteins, whether inter-
nalized from the cell surface or translocated from the 
trans-Golgi network, serves as a crucial sorting signal 
that directs cargoes into ILVs. Additionally, the endo-
somal sorting complex required for transport (ESCRT) 
mechanism selectively recognizes and captures these 
ubiquitinated proteins [38]. However, accumulating 
evidence highlights the existence of multiple content-
sorting pathways. For instance, tetraspanins can orga-
nize membrane microdomains that cluster specific 
cargoes, such as MHC II, in a manner independent 
of ubiquitination [22]. Lipid-mediated mechanisms, 
including ceramide-induced membrane curvature and 
sphingomyelinase activity, also promote ILV forma-
tion through ESCRT-independent routes. Moreover, 
Syndecan-1 and Syntenin-1 facilitate ubiquitination-
independent sorting by recruiting the ALIX-ESCRT-III 
complex to direct cargoes into the ILVs [39]. Nota-
bly, MVBs can still form, even in the absence of core 
ESCRT subunits, highlighting the mechanistic flexibil-
ity and redundancy of exosome biogenesis pathways. 
This plasticity appears to be influenced by factors such 
as cell type, genomic stability, and extracellular stim-
uli. These findings indicate that exosome biogenesis is 
governed by a broad spectrum of mechanisms, many 
of which remain incompletely understood and warrant 
further investigation [40]. In summary, cargoes sorting 
into ILVs occurs through both ESCRT-dependent and 
ESCRT-independent mechanisms [41].

The selective incorporation of ncRNAs into ADSC-
Exos is regulated by microenvironmental stress-
induced interactions between RNA-binding proteins 
(RBPs) and specific structural motifs on the RNAs 
[42]. RBPs such as hnRNPA2B1 recognize GW/RGG 
exo-motifs on ncRNAs, directing their sorting into 
multivesicular bodies for subsequent exosomal pack-
aging. Under hypoxic conditions, hypoxia-inducible 
factor-1α (HIF-1α) binds to hypoxia-response ele-
ments in the promoter region of the lncRNA NORAD, 
promoting its expression and exosomal export. Simul-
taneously, hypoxia-induced SUMOylation enhances 
hnRNPA2B1-mediated recruitment of miR-524-5p 
into exosomes [43]. Additionally, hypoxia stabilizes 
AUF1 through USP22-mediated deubiquitination, 

allowing AUF1 to bind AU-rich elements in lncRNA 
H19, facilitating its exosomal inclusion while promot-
ing the degradation of pro-inflammatory mRNAs such 
as TNF-α [44]. Oxidative stress further modulates 
exosomal cargo selection via post-translational modi-
fications. For example, reactive oxygen species (ROS)-
induced acetylation of SYNCRIP enhances its affinity 
for conserved GAUC motifs in microRNAs (miRNAs) 
like let-7i-5p, promoting their incorporation into 
exosomes [45]. This regulatory network highlights a 
dynamic interplay in which stress signals influence 
RBP activity and RNA motif recognition, enabling the 
context-dependent packaging of anti-inflammatory 
and reparative ncRNAs. Moreover, complementary 
interactions between miRNAs and circular RNAs (cir-
cRNAs) contribute to their co-sorting into exosomes. 
Together, these coordinated mechanisms ensure that 
ADSC-Exos are selectively enriched with ncRNAs 
tailored to mitigate injury-related pathways, thereby 
optimizing their therapeutic potential in inflammatory 
microenvironments.

After secretion, exosomes can adhere to neighbor-
ing cells and the ECM or disseminate to distant sites 
via bodily fluids such as blood. Previous studies have 
identified three primary mechanisms through which 
exosomes transmit signals to recipient cells: recep-
tor-ligand interactions, direct membrane fusion, and 
endocytosis or phagocytosis [46]. Exosomes derived 
from various cell types such as blood cells, endothelial 
cells, immune cells, platelets, and smooth muscle cells 
play key roles in immune responses, tumor progres-
sion, and neurodegenerative diseases [47]. The release 
of exosomes and their interaction with target cells are 
regulated by factors such as microenvironmental pH 
[48], intracellular calcium levels [49, 50], hypoxia [51], 
and inflammatory conditions [52]. Exosomes trans-
ported via the bloodstream are promptly cleared by 
phagocytes in the splenic marginal zone, liver Kupffer 
cells, dendritic cells (DCs), and macrophages in the 
lungs [37]. This remains an obstacle to be addressed in 
the therapeutic application of exosomes for targeting 
focal tissues in clinical practice (Fig. 2).

EVs, especially exosomes, have emerged as key 
mediators of intercellular communication and prom-
ising therapeutic agents for wound repair [53]. Recent 
advances in exosome research have revealed that exo-
somes from diverse biological sources, such as stem 
cells, non-stem cells, and plants, exhibit distinct char-
acteristics that influence their potential in wound 
healing applications. Stem cell-derived exosomes, 
particularly those from adipose tissue, bone marrow, 
and umbilical cord, are rich in regenerative bioactive 
molecules and demonstrate strong targeting abilities, 
low immunogenicity, and favorable biocompatibility, 
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making them highly promising for therapeutic use 
[34]. Non-stem cell exosomes, such as those derived 
from keratinocytes or body fluids like milk and serum, 
share many molecular biomarkers with stem cell exo-
somes but show greater variability in immunogenicity 
and biosafety, depending on their origin and purifi-
cation method. Meanwhile, plant-derived exosomes 
offer an emerging alternative, featuring exceptional 
biocompatibility, oral bioavailability, and scalability at 
low cost, though they face challenges in drug loading 
and standardization due to species-specific variability 
[54, 55]. In conclusion, the identified differences and 
characteristics suggest that the selection of exosomes 
should be guided by therapeutic objectives, produc-
tion feasibility, and safety considerations (Table 1).

Roles and mechanisms of ADSC-Exos in wound 
healing
ADSC-Exos contain a diverse array of bioactive sub-
stances, including metabolites, proteins, DNA, and 
ncRNAs [56], which regulate various aspects of the 
wound healing process, such as the inflammatory 

response, cell proliferation, and migration, angiogene-
sis, and collagen remodeling, thereby promoting tissue 
repair. Numerous studies have highlighted the signifi-
cance of ADSC-Exos in wound healing, emphasizing 
their essential role in regulating various cellular pro-
cesses and coordinating the release of growth factors 
[57].

The primary types of wounds include normal 
wounds, diabetic ulcers, burns, and pressure ulcers. 
These wounds are influenced by various stressors, 
such as hyperglycemia, thermal injury, and sustained 
mechanical stress, which creates distinct microenvi-
ronments that impact wound healing through mecha-
nisms like chronic inflammation, redox imbalance, and 
impaired angiogenesis. Preclinical evidence indicates 
that ADSC-Exos exhibit adaptive therapy within these 
microenvironments by targeting and modulating these 
pathological cascades. In the case of normal full-thick-
ness wounds, ECM@exo, an ECM hydrogel containing 
ADSC-Exos, achieved a wound closure rate of 96.4% ± 
0.9% by day 14, significantly outperforming the drug 
control group (74.5% ± 3.9%) and the ECM hydrogel 

Fig. 2  Biogenesis, contents, biomarkers, and intercellular communication of exosomes. During exosome biogenesis, intraluminal vesicles (ILVs) and 
multivesicular bodies (MVBs) are formed by the invagination of the endosomal membrane. MVBs fuse with lysosomes to release ILVs, which are degraded 
in the lumen of the lysosomes, or with the plasma membrane to release exosomes. Exosomes are in the size range of 30 nm to 200 nm, with a spe-
cific subset of biomolecules, such as membrane proteins (CD63, CD9, Rab family), cytosolic proteins (HSP, KRAS, HMGB1), and major histocompatibility 
complexes (MHC-I, MHC-II). Exosomes also contain a diverse array of biologically active enzymes, lipids, mRNA, DNA, and non-coding RNAs (miRNAs, 
lncRNAs, circRNAs). For regulation of cellular functions, exosomes interact with the plasma membrane of recipient cells via the exosomal membrane or 
deliver biomolecules into the cells. Exosomes communicate with the recipient cell through direct fusion, receptor-ligand interactions, and endocytosis/
phagocytosis
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alone (82.4% ± 2.0%) [58]. Mechanistically, ECM@exo 
enhanced proliferative activity, increasing Ki67 + cell 
levels by 3.2-fold and proliferating cell nuclear antigen 
(PCNA) expression by 2.8-fold compared to controls, 
demonstrating its synergistic effect in accelerating 
intrinsic healing processes. In diabetic models, how-
ever, additional challenges were observed. Untreated 
wounds showed less than 50% closure, while ECM@
exo facilitated healing to 92%, promoting angiogenesis 
and epidermal regeneration, as reported by Ren et al. 
Burn injuries, on the other hand, necessitate combina-
torial biomaterial strategies. Cross-linking ADSC-Exos 
with chitosan-αβ-glycerophosphate hydrogels acceler-
ated healing, reducing inflammation and promoting 
epithelial migration [59]. Diabetic wounds are often 
complicated by poor glycemic control, burn wounds 
by tissue damage and infection, and pressure ulcers 
by persistent pressure. ADSC-Exos may address these 
different wound types through various mechanisms. 
However, to date, no studies have directly compared 
the efficacy of ADSC-Exos across these distinct wound 
applications. Recent research typically focuses on 
their effectiveness in either single or multiple models, 
emphasizing the need for clinical studies and cross-
sectional comparisons of ADSC-Exos across different 
wound types as key areas for future research.

Immune regulation
During the inflammatory phase of wound healing, 
vasodilation, and increased capillary permeabil-
ity facilitate the recruitment of various immune cells 
from the bone marrow to the wound site, enabling the 
clearance of cellular debris, pathogenic microorgan-
isms, and apoptotic cells in preparation for the pro-
liferative phase [60]. Neutrophils eliminate microbial 
pathogens, including bacteria and fungi, through a 
ROS-dependent manner and secrete chemokines to 
attract additional immune cells to the wound area [61]. 
ROS, as oxygen-derived chemical mediators, play a 
key role in modulating oxidative stress and inflamma-
tory responses within the wound microenvironment 
[62]. Macrophages exhibit dual functionality dur-
ing wound healing by dynamically polarizing into M1 
(pro-inflammatory) and M2 (pro-reparative) pheno-
types, thereby coordinating different phases of tissue 
repair. In the early stage of inflammation, M1 macro-
phage activation is initiated by TLR2/4 recognition of 
pathogen- and damage-associated molecular patterns, 
such as microbial lipopolysaccharides and extracellular 
nucleotides [63]. This polarization is further promoted 
by Th1-derived cytokines, including IFN-γ and TNF-
α. M1 macrophages execute bactericidal functions 
through phagocytosis of microorganisms and necrotic 
debris while producing cytotoxic oxidants such as Ta
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superoxide radicals and peroxynitrite precursors, 
along with pro-inflammatory cytokines (IL-6, IL-12) 
and chemokines that recruit adaptive immune cells 
[64]. These responses enhance innate immunity via 
activation of the NF-κB/STAT1/5 signaling pathway, 
thereby ensuring microbial clearance and priming of 
the wound microenvironment [65]. CD80/86 and MHC 
II are commonly recognized surface markers of M1 
macrophages. During the proliferative phase of wound 
healing, M2 macrophage polarization is induced by 
Th2-associated cytokines, including IL-4, IL-13, and 
IL-10, which collectively suppress inflammation and 
promote tissue regeneration [66]. M2 macrophages 
reduce the production of ROS and downregulate pro-
inflammatory cytokines such as TNF-α, while simul-
taneously secreting anti-inflammatory mediators like 
IL-10 and TGF-β, as well as regenerative growth fac-
tors including VEGF, PDGF, and epidermal growth 
factor (EGF) [67]. These molecular cues enhance col-
lagen synthesis by fibroblasts, stimulate angiogenesis, 
facilitate the recruitment of stem and progenitor cells 
through chemokines such as CCL17 and CCL24, and 
contribute to ECM remodeling. M2 macrophage activ-
ity is further marked by high expression of surface 
receptors CD206 and CD163 and by chemotactic sig-
naling mediated through CCL17, CCL18, CCL22, and 
CCL24 pathways [68]. A timely transition from M1 to 
M2 macrophages is critical for normal wound heal-
ing: M1 macrophages clear pathogens and prepare the 
wound bed, while M2 macrophages drive structural 
repair by resolving inflammation and coordinating 
stromal regeneration [69]. Disruption of this polariza-
tion balance can lead to pathological conditions such 
as chronic wounds or fibrosis, highlighting the thera-
peutic potential of targeting macrophage plasticity.

The inflammatory response is a natural stage in the 
wound-healing process and serves as a self-defense 
mechanism for the body. However, chronic and exces-
sive inflammation can lead to delayed wound healing. 
Modulating the immune response to promote the tran-
sition from the inflammatory to the proliferative phase 
can accelerate the wound-healing process.

Recent studies have shed light on the role of ADSC-
Exos in modulating inflammation via ncRNAs. For 
example, circRps5, a circRNA found in ADSC-Exos, 
promoted M2 macrophage polarization by acting as 
a molecular sponge for miR-124-3p, which other-
wise inhibited DUSP1 expression [70]. A deficiency in 
DUSP1 led to heightened activation of the MAPK path-
way, thereby promoting M1 polarization and increas-
ing the production of pro-inflammatory cytokines such 
as IL-6 and TNF-α. By sequestering miR-124-3p, cir-
cRps5 restored DUSP1-mediated MAPK dephosphor-
ylation, mitigating chronic inflammation in diabetic 

wounds. Additionally, Xu et al. demonstrated that 
ADSC-Exos enriched with miR-194 directly targeted 
the TGF-β1 promoter, suppressing TGF-β1-induced 
fibrosis in hypertrophic scar fibroblasts and reducing 
downstream inflammatory mediators, including IL-1β 
and IL-6 [71]. Another study found that let-7i-5p, 
delivered via ADSC-Exos, silenced GAS7 in kerati-
nocytes under oxidative stress, thereby reactivating 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT) signaling to promote cell survival and inhibit 
NF-κB-driven transcription of pro-inflammatory cyto-
kines [45]. Collectively, these findings stressed the role 
of ADSC-Exo-derived ncRNAs as master regulators of 
inflammatory resolution through multi-target mecha-
nisms. These regulatory pathways operate at various 
levels: miR-194 functions as a transcriptional repres-
sor of TGF-β1; circRps5 acts post-transcriptionally 
to reprogram macrophage phenotypes; and let-7i-5p 
integrates pro-survival signaling with suppression of 
NF-κB activity. This multilayered regulatory strategy 
enables simultaneous control of inflammation initia-
tion, progression, and tissue damage while minimiz-
ing compensatory cross-talk. Notably, the cell-specific 
action of ADSC-Exo-derived ncRNAs ensures spatially 
precise modulation of inflammation, reducing the risk 
of systemic off-target effects. Although these findings 
highlight the therapeutic promise of ADSC-Exos, opti-
mizing ncRNA combinations to maximize synergistic 
anti-inflammatory effects remains a challenge. Rig-
orous validation is essential to avoid pathway satura-
tion. Future research should utilize single-cell RNA 
sequencing and spatial transcriptomics to evaluate 
ncRNA delivery efficiency in vivo. In addition, pre-
clinical studies must determine appropriate dosage 
thresholds to balance therapeutic efficacy with poten-
tial toxicity.

In vitro, ADSC-Exos have been shown to reduce 
apoptosis and enhance the phagocytic activity of neu-
trophils, thereby promoting more efficient pathogen 
clearance [72]. In injured tissues, elevated secretion 
of interferon-α (IFN-α) by T cells contributes to the 
accumulation of pro-inflammatory M1 macrophages 
and the persistence of inflammation [73]. Blazquez 
et al. demonstrated that ADSC-Exos could inhibit 
T-cell activation and reduce IFN-α secretion in vitro, 
highlighting their anti-inflammatory potential [74]. 
Moreover, ADSC-Exos promoted the transition of 
macrophages from the pro-inflammatory M1 phe-
notype to the pro-repair M2 phenotype. Kouroupis 
et al. demonstrated that ADSC-Exos promoted M2 
polarization by upregulating anti-inflammatory medi-
ators such as IL-10 and arginase-1 (Arg-1) and inhib-
iting pro-inflammatory cytokines like TNF-α and 
IL-6 [75]. Liebmann et al. reported that macrophages 
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stimulated by aCGRP IFP-MSC sEVs switched to the 
M2 phenotype [76], which aligns with our findings 
on ADSC-Exos-mediated anti-inflammatory polar-
ization of macrophages. In a wound inflammation 
model induced by IFN-γ and TNF-α, cells treated with 
ADSC-Exos showed notable differences in the expres-
sion of anti-inflammatory and wound healing-related 
miRNAs compared to the control group. MiRNAs, 
small ncRNAs approximately 22 nucleotides long, 
regulate wound repair processes by binding to target 
mRNAs and modulating gene expression post-tran-
scriptionally [77].

Song et al. investigated the immunomodulatory 
effects of ADSC-Exos in both healthy and diabetic 
mouse wound healing models [58]. In normal wound 
models, ADSC-Exos attenuated the inflammatory 
response by downregulating pro-inflammatory cyto-
kines TNF-α and IL-6 and promoting M2 macrophage 
polarization. These changes contributed to enhanced 
wound healing, increased collagen deposition, and 
stimulated cell proliferation. Xiao et al. developed a 
human acellular amniotic membrane (hAAM) scaf-
fold loaded with ADSC-Exos in vitro and transplanted 
it into diabetic mouse wounds [78]. The hAAM-Exos 
group exhibited the lowest number of inflammatory 
cells, along with enhanced M2 macrophage recruit-
ment, indicating that ADSC-Exos effectively sup-
pressed wound inflammation. Moreover, wounds 
treated with ADSC-Exos demonstrated improved heal-
ing outcomes and superior new skin formation com-
pared to controls. In another study, Yin et al. cultured 
ADSCs transfected with a circRps5-overexpressing 
plasmid (e-circRps5) under hypoxic conditions and 
injected the derived exosomes into the wound margins 
of diabetic mice [70]. Compared to controls, treatment 
with these ADSC-Exos significantly reduced infiltra-
tion of inflammatory cells such as lymphocytes and 
neutrophils and lowered levels of C-reactive protein 
(CRP), thereby alleviating chronic inflammation in 
diabetic wounds.

ADSC-Exos can also modulate key signaling mol-
ecules in inflammatory pathways by delivering long 
non-coding RNAs (lncRNAs), thereby influencing the 
biological behavior of downstream immune cells [79]. 
LncRNAs, defined as non-protein-coding transcripts 
longer than 200 nucleotides, regulate chromatin 
structure and transcription by recruiting chromatin-
modifying complexes, mechanisms that are crucial 
for tissue regeneration and repair [80]. Li et al. found 
that ADSC-Exos delivered lncRNA H19, which tar-
gets miR-130b-3p, thereby promoting macrophage 
polarization toward the M2 phenotype. This polar-
ization, in turn, enhanced fibroblast proliferation and 
migration, as well as angiogenesis [81]. Additionally, 

ADSC-Exos significantly promoted the release of anti-
inflammatory factors associated with M2 macrophages 
by upregulating the expression of Rho-associated 
coiled-coil containing protein kinase 1 (ROCK1) and 
phosphatase and tensin homolog deleted on chromo-
some ten (PTEN) [82]. In a lipopolysaccharide (LPS)-
induced inflammatory model using human dermal 
fibroblasts (HDFs), Patel et al. reported that GAS5, a 
key lncRNA involved in vitro wound repair, was highly 
enriched in ADSC-Exos. They further demonstrated 
that these exosomes modulated the expression of toll-
like receptor 7 (TLR7) and other related targets in a 
GAS5-dependent manner, thereby influencing inflam-
matory pathways [83].

Cell proliferation and re-epithelialization
During the proliferative phase of wound healing, fibro-
blasts play a critical role by producing collagen, pro-
moting ECM deposition, and transforming the wound 
microenvironment from an inflammatory to a regen-
erative state [84]. These fibroblasts can differentiate 
into myofibroblasts, contributing to wound contrac-
tion and closure. Simultaneously, keratinocytes prolif-
erate and migrate toward the wound center to aid in 
re-epithelialization. Therefore, promoting the prolif-
eration and migration of fibroblasts and keratinocytes 
is essential for accelerating ECM synthesis in injured 
tissues, thereby enhancing the overall healing process. 
Numerous studies have demonstrated that ADSC-Exos 
significantly improved the viability of both fibroblasts 
and keratinocytes. ADSC-Exos can be internalized by 
fibroblasts, inducing their proliferation, migration, 
collagen production, and the expression of genes such 
as N-cadherin, cyclin-1, and PCNA in a dose-depen-
dent manner [85]. Additionally, systemic administra-
tion of ADSC-Exos has been shown to increase type I 
and type III collagen synthesis during the early heal-
ing stages, while reducing type I collagen expression in 
later stages, thereby minimizing scar formation. Zhang 
et al. further demonstrated that ADSC-Exos pro-
moted collagen deposition both in vivo and in vitro, 
potentially via activation of the phosphorylated PI3K/
AKT signaling pathway [86]. Moreover, ADSC-Exos 
enhanced the proliferation and migration of HaCaT 
keratinocytes in vitro by upregulating AKT phos-
phorylation and HIF-1α expression and accelerated 
wound closure in a full-thickness mouse wound model 
through activation of the AKT/HIF-1α pathway [87].

In diabetic wounds, the hyperglycemic environment 
impairs fibroblast and keratinocyte proliferation and 
disrupts the re-epithelialization process [88]. Hsu et al. 
isolated ADSCs from diabetic mice extracted their exo-
somes, and demonstrated that ADSC-Exos from dia-
betic mice could activate the TGF-β/Smad3 signaling 
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pathway, thereby promoting collagen synthesis and 
fibroblast activation to facilitate diabetic wound heal-
ing [89]. These findings suggested that ADSC-Exos 
could enhance cell proliferation and re-epithelializa-
tion in both diabetic and healthy conditions.

Angiogenesis
Neovascularization is crucial for effective wound heal-
ing, as it supplies the necessary materials to support 
fibroblast and epidermal cell proliferation and tis-
sue regeneration. The process of neovascularisation 
involves the activation of endothelial cells in local 
microvessels [90]. Under hypoxic conditions, vascular 
endothelial cells respond to various hypoxia-inducible 
growth factors, become activated, and begin degrading 
the ECM in granulation tissue. They then proliferate, 
migrate, and sprout outward to form new capillar-
ies [91]. Enhancing the release of hypoxia-responsive 
growth factors and stimulating endothelial cell activ-
ity can thus promote neovascularization in the injured 
area.

ADSC-Exos can enhance angiogenesis during wound 
healing by promoting the proliferation and migra-
tion of vascular endothelial cells through the delivery 
of their bioactive contents [92]. They are enriched 
with several pro-angiogenic miRNAs, including miR-
132, miR-146a, and miR-125a [93, 94]. Among these, 
miR-132 and miR-146a derived from ADSC-Exos pro-
moted angiogenesis in endothelial cells by inhibiting 
the expression of anti-angiogenic genes thrombospon-
din-1 (THBS1) and Vasohibin-1 (VASH1), respectively 
[82]. In addition, ADSC-Exos could deliver miR-125a 
to endothelial cells, targeting and suppressing the 
angiogenesis inhibitor Delta-like 4 (DLL4), thereby 
increasing the population of CD34⁺ vascular endothe-
lial tip cells [95]. ADSC-Exos also facilitate revascular-
ization through hypoxia-sensitive ncRNA circuits. Li 
et al. identified that hypoxic preconditioning enriches 
lncRNA H19 in ADSC-Exos, which stabilizes HIF-1α 
by recruiting USP22 for deubiquitination [44]. Stabi-
lized HIF-1α enhanced VEGFA transcription in endo-
thelial cells, thereby promoting capillary formation in 
diabetic wounds. Similarly, miR-146a-5p in ADSC-
Exos targets JAZF1, relieving its inhibitory effect on 
STAT3 phosphorylation [96]. Activated STAT3 sub-
sequently upregulates VEGFA and ANGPT2, promot-
ing endothelial cell proliferation and ECM remodeling. 
Furthermore, Wang et al. found that hypoxia-induced 
circ-0001747 in ADSC-Exos functions as a sponge for 
miR-199a-5p, thereby de-repressing HIF-1α and estab-
lishing a feedforward loop that sustains PDGFB- and 
ANGPT2-mediated angiogenesis [97]. These find-
ings stressed the ability of ADSC-Exos to adapt to the 
hypoxic wound microenvironment and the critical role 

of their derived ncRNAs in orchestrating the activa-
tion of vascular endothelial cells during tissue repair.

In diabetic wounds, the high-glucose environment 
induces excessive production of ROS, leading to mito-
chondrial dysfunction, apoptosis, and inflammation 
in vascular endothelial cells. These effects collectively 
impair vascular function and delay the healing of dia-
betic wounds [98]. Zhang et al. demonstrated that 
ADSC-Exos reduced ROS levels in vascular endothe-
lial cells by upregulating the expression of sirtuin 3 
(SIRT3) and superoxide dismutase 2 (SOD2), thereby 
preserving mitochondrial function and promoting dia-
betic wound healing [99].

Collagen remodeling
The tissue remodeling phase involves the regression 
of neovascularization, the synthesis of matrix metallo-
proteinases (MMPs) by myofibroblasts for the targeted 
degradation of specific ECM components, and the sub-
sequent transformation of granulation tissue into scar 
tissue [100]. MMPs, which are zinc-dependent endo-
peptidases, degrade ECM constituents to promote 
tissue remodeling and facilitate cell migration [101]. 
Keloid hyperplasia is a histopathological alteration of 
the skin following wound healing; excessive keloid for-
mation can compromise skin aesthetics and impair its 
functional integrity [102].

ADSC-Exos are enriched with various anti-fibrotic 
bioactive components that effectively regulate collagen 
remodeling and inhibit keloid hyperplasia. ADSC-Exos 
inhibit the proliferation, migration, collagen deposi-
tion, and differentiation of proliferative human scar-
derived fibroblasts (HSFs) into myofibroblasts [103]. 
This effect was mediated by miR-192-5p carried by 
ADSC-Exos, which targets IL-17RA and inhibits the 
Smad pathway involved in proliferative scar fibrosis. 
Consequently, ADSC-Exos reduced collagen deposi-
tion during the late stage of wound healing, as demon-
strated in a mouse model of full-thickness skin defects. 
MiR-181a, known to be associated with tissue fibrosis, 
was highly expressed in proliferative scar tissue [104]. 
Chen et al. reported that ADSC-Exos attenuated col-
lagen deposition and α-smooth muscle actin (α-SMA) 
production in HSFs by downregulating miR-181a and 
upregulating SIRT1 expression [105]. α-SMA, a con-
tractile protein, is a key biomarker of activated myo-
fibroblasts involved in tissue contraction and scarring 
[106]. Moreover, ADSC-Exos promote ECM remod-
eling by regulating MMP expression. Intravenous 
administration of ADSC-Exos increased the ratios of 
type III collagen to type I collagen, TGF-β3 to TGF-
β1, and MMP3 to TIMP1, thereby reducing scar size in 
mice [107]. Additionally, exosome therapy was found 
to inhibit fibroblast-to-myofibroblast transformation 
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and modulate ECM remodeling via activation of the 
ERK/MAPK pathway [108].

However, it has also been suggested that ADSC-Exos 
could promote collagen deposition in fibroblasts dur-
ing the later stages of wound healing, potentially con-
tributing to scar formation. For instance, in a study by 
Wang et al. on diabetic wounds, ADSC-Exos treatment 
enhanced collagen deposition in injured tissues during 
the late healing phase [109]. These conflicting find-
ings may be attributed to the dynamic nature of sig-
naling between ADSC-Exos and fibroblasts, as well as 
the stage-specific regulatory effects of ADSC-Exos on 
ECM synthesis. Therefore, further in-depth explora-
tion is still needed regarding the effect of ADSC-Exos 
on collagen production by fibroblasts and its relation-
ship with scar proliferation.

Engineering strategies for boosting the efficacy of 
ADSC-Exos in wound healing
This section discusses the application of ADSC-Exos 
in wound healing, initially highlighting the regen-
erative potential of natural ADSC-Exos. ADSC-Exos 
promote wound healing through various molecular 
mechanisms, including the regulation of miRNAs 
and lncRNAs. Natural ADSC-Exos facilitate wound 
repair by modulating key biological processes such as 
autophagy, cell proliferation, and migration, and they 
offer advantages such as high biocompatibility and a 
lower risk of immune rejection. However, their thera-
peutic efficacy may be influenced by the extraction 
method and individual variability, leading to less con-
trollable activity and composition, as well as potential 
batch-to-batch inconsistencies in clinical applications.

Exosome gene editing involves the use of genetic 
engineering techniques, such as CRISPR/Cas9, 
to modify the genetic material of ADSCs, thereby 
enhancing or introducing specific functions in the exo-
somes they produce. This approach enables the precise 
loading of therapeutic molecules, including miRNAs 
and proteins, to target specific pathological processes, 
providing a more tailored strategy for disease treat-
ment. However, gene editing poses concerns regarding 
off-target effects that may disrupt unintended cellu-
lar pathways, as well as ethical considerations associ-
ated with permanent genetic modifications. Despite 
its promising specificity and efficacy, the high cost and 
technical complexity of this method currently limit its 
broad clinical application.

Pre-processing of ADSCs involves exposing the cells 
to pharmacological agents or environmental condi-
tions, such as hypoxia, to transiently enhance the 
therapeutic properties of their exosomes. This treat-
ment can increase the yield of exosomes enriched with 
beneficial proteins and RNAs, thereby enhancing their 

regenerative potential. However, the effects of such 
preconditioning are often temporary and may vary 
significantly across different cell batches, resulting in 
inconsistencies in exosome quality and function. Addi-
tionally, the lack of long-term stability in the induced 
changes presents challenges for clinical scalability and 
reproducibility.

Combining exosomes with biocompatible materials, 
such as liposomes or hydrogels, improves the stability, 
delivery efficiency, and targeted release of therapeu-
tic exosomes. This approach helps protect exosomes 
from premature degradation in the body and enables 
controlled release at the target site, which is essential 
for applications in chronic wound healing and tis-
sue regeneration. However, challenges such as poten-
tial immunogenicity and batch-to-batch variability in 
material properties, may affect the consistency and 
safety of the final therapeutic product (Fig. 3).

Natural ADSC-Exos
The prospective function of natural ADSCs and ADSC-
Exos in tissue repair has been confirmed by a multi-
tude of studies. An extensive investigation has been 
conducted by researchers into the molecular mecha-
nisms that regulate this regenerative process. Mouse 
keratinocytes were treated with ADSC-Exos by An et 
al., and significant upregulation of pathways essen-
tial for wound healing was observed. These pathways 
encompass responses to viruses, bacteria, immune 
reactions, and tissue injuries [110]. Analysis of endoge-
nous RNA networks unveiled that Neat1 induced Ulk1 
expression, triggering autophagy by sponging miR-
17-5p, thus markedly enhancing wound healing. Find-
ings suggested that lncRNA Neat1 carried by ADSC 
Exos could serve as a promising target for challeng-
ing skin wound treatments. This study provided novel 
insights into the implementation of ADSC-Exos in skin 
wound management and advanced the use of ADSC-
Exos therapy in clinical practice. LncRNA MALAT1 
from human ADSC-Exos facilitated the proliferation 
and migration of HSFs and expedited the healing of 
skin wounds by inhibiting miR-378a, thereby increas-
ing the expression of FGF2 [111]. To identify the sub-
stantially differentially expressed lncRNAs in mouse 
skin tissues following treatment with ADSC-Exos, 
Zhu et al. employed microarray analysis. ADSC-Exos 
restored the mRNA expression of discoidin domain 
receptor 2 (DDR2) by delivering X-inactive-specific 
transcript (XIST) to silence miR-96-5p. DDR2, a colla-
gen-binding tyrosine kinase, mediates fibroblast-ECM 
interactions to activate pro-fibrotic pathways [112]. 
XIST, a lncRNA encoded within the X chromosome 
inactivation center, plays a role in fibroblast activation 
and ECM synthesis after injury and is also implicated 
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in oncogenic pathways [9]. Its involvement in burn 
wound repair further supports its therapeutic poten-
tial [113]. This mechanism enhanced the proliferation 
and migration of mouse dermal fibroblasts (MDFs), 
reduced inflammatory infiltration, increased collagen 
deposition in trabecular tissue, and accelerated wound 
healing in mice [114].

Genetic editing ADSC-Exos
Despite the promising potential of natural ADSC-Exos 
in promoting wound healing, their clinical applica-
tion still encounters several challenges, including low 
concentrations of active components, short half-life, 
and rapid degradation at the wound site, all of which 
hinder the effectiveness and sustainability of wound 
therapy [56]. To address these limitations, engineered 
exosomes have been extensively investigated as prom-
ising candidates for novel exosome-based nano-
therapies [115]. Exosome engineering strategies are 
generally categorized into direct and indirect modifi-
cations [116]. Direct modifications involve the creation 
of exosome mimics through techniques such as elec-
troporation, sonication, freeze-thaw cycles, and cargo 
loading, or the use of biomimetic molecules includ-
ing exosomal proteins and lipids. Indirect modifica-
tions include gene editing or pretreatment of parental 
cells to alter the bioactive contents of the exosomes. 

Current approaches to engineering ADSC-Exos for 
wound healing primarily focus on gene modification of 
ADSCs, pretreatment of ADSCs, and the integration of 
exosomes with functional materials.

Genetic engineering of ADSCs provides a targeted 
approach to enhance the regenerative potential of 
ADSC-Exos by selectively enriching exosomal ncRNA 
content. Since exosomal ncRNAs reflect the molecular 
profile of their parental ADSCs, the overexpression of 
repair-associated ncRNAs in ADSCs directly increases 
their incorporation into exosomes, thereby improv-
ing therapeutic efficacy. For example, the strategic 
overexpression of miR-21 in ADSC-Exos leveraged its 
crucial role in wound healing by promoting keratino-
cyte proliferation, migration, survival, and suppress-
ing apoptosis, thus facilitating re-epithelialization 
and tissue regeneration [117, 118]. Mechanistically, 
miR-21 inhibited TGF-β1 to attenuate SMAD2/3-
mediated fibrotic signaling, while concurrently acti-
vating the PI3K/AKT/mTOR pathway via PTEN 
targeting, thereby enhancing cell cycle progression 
and resistance to apoptosis [119]. In addition, miR-21 
contributed to ECM remodeling by downregulating 
fibroblast-inhibitory factors, promoting collagen syn-
thesis, and preventing pathological fibrosis. This dual 
regulation of pro-regenerative and anti-fibrotic path-
ways positioned miR-21 as a key mediator of balanced 

Fig. 3  Applications of ADSC-Exos in wound healing. Autologous adipose-derived stem cells (ADSCs) can be largely isolated human adipose tissue 
through liposuction, subsequently purified and cultured in vitro. ADSC-Exos are frequently obtained from culture medium supernatants by ultracentri-
fugation and possess extraordinary tissue repair and wound healing capabilities. Current potentiation strategies of ADSC-Exos for accelerating wound 
healing mainly include gene editing of ADSC-Exos, preconditioning of ADSCs, and ADSC-Exos with biomaterials
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skin repair, simultaneously resolving inflammation 
and accelerating tissue restoration. Yang et al. gener-
ated ADSC-Exos with elevated miR-21 expression by 
transfecting ADSCs with plasmids [120]. These engi-
neered exosomes enhanced MMP-9 expression via the 
PI3K/AKT pathway, thereby promoting keratinocyte 
proliferation, migration, and wound closure. Similarly, 
miR-146a has been identified as a positive regulator of 
angiogenesis [121]. Che et al. reported that treatment 
of human umbilical vein endothelial cells (HUVECs) 
with ADSC-Exos resulted in elevated levels of miR-
146a-5p, which enhanced the proliferation, migration, 
and angiogenic potential of HUVECs by targeting and 
inhibiting JAZF1 [96]. Ge et al. further demonstrated 
that lentiviral transfection and ultracentrifugation-
mediated enrichment of miR-132 in ADSC-Exos alle-
viated inflammation, enhanced angiogenesis, and 
promoted M2 macrophage polarization through the 
NF-κB signaling pathway [73]. In addition to miRNAs, 
lncRNAs, and circRNAs also play significant regula-
tory roles in wound healing [122]. CircRNAs, which 
are covalently closed RNA loops, function as miRNA 
sponges or transcriptional regulators within cellu-
lar signaling pathways [123]. Qiu et al. demonstrated 
that linc00511-overexpressing ADSC-Exos accelerated 
angiogenesis and promoted the healing of diabetic 
foot ulcers by inhibiting PAQR3-mediated ubiquitin 
degradation of Twist1 [124]. Similarly, ADSC-Exo-
overexpressing mmu_circ_0001052 enhanced cell 
proliferation, migration, and angiogenesis in diabetic 
foot ulcers by suppressing miR-106a-5p expression 
and apoptosis, while activating the FGF4/p38MAPK 
signaling pathway [125]. Li et al. reported that NRF2-
overexpressing ADSC-Exos more effectively promoted 
angiogenesis and reduced oxidative stress in diabetic 
wounds compared to control exosomes [126]. These 
findings suggested that genetically modifying protein 
expression in ADSCs was also an effective strategy 
to enhance the therapeutic potential of ADSC-Exos. 
In another study, Liebmann et al. investigated EVs 
derived from subpatellar fat pad mesenchymal stem 
cells (MSCs) that were genetically engineered to tar-
get calcitonin gene-related peptide (CGRP) and pain 
signaling pathways [76]. The genetically engineered 
sEVs CGRP while retaining their inherent ability to 
promote macrophage M2 polarization. This offered 
new insights into optimizing gene-edited ADSC-
Exos for chronic wound therapy through the genetic 
design and production of multifunctional ADSC-Exos 
capable of simultaneously suppressing inflammation, 
inhibiting nociceptive signaling, and enhancing M2 
macrophage-mediated tissue repair. These multifunc-
tional ADSC-Exos target the triad of intractable pain, 
chronic inflammation, and delayed reepithelialization, 

which are the key factors contributing to the difficulty 
in treating refractory wounds.

Extensive research provides strong evidence that 
genetically modified ADSC-Exos represent a more 
effective therapeutic approach for chronic wound 
treatment. While genetic engineering enables the pre-
cise loading of therapeutic molecules with high speci-
ficity and efficacy, the associated technical complexity 
and biosafety concerns highlight the need for comple-
mentary strategies.

Pre-processing of ADSCs
Unlike genetic editing, which is a highly targeted but 
resource-intensive method, pretreatment strategies 
use external stimuli such as pharmacological agents, 
cytokines, or physical factors to transiently activate 
ADSCs before exosome collection. This approach 
leverages the adaptability of stem cells to their envi-
ronment and avoids permanent genomic changes, 
making it technically simpler, safer, and more broadly 
applicable than genetic engineering.

The secretion of exosomes is closely influenced by 
the physiological state of the parental cells; thus, pre-
treatment of ADSCs inevitably alters the composition 
of ADSC-Exos [35, 127]. Several studies have demon-
strated that pre-processing MSCs with pharmacologi-
cal agents, cytokines, or physical stimuli can enhance 
the regenerative potential of both MSCs and their 
derived exosomes [128–135]. Compared to geneti-
cally engineered exosomes, this pretreatment strat-
egy is technically simpler, safer, and more commonly 
employed.

Drug pre-treatment
The preconditioning of ADSCs with drugs can enhance 
the biological activity and regenerative function of 
ADSC-Exos. Selenium is a well-known antioxidant 
and cofactor for various enzymes that inhibit oxidative 
stress and inflammation. Heo et al. pretreated ADSCs 
with selenium and collected exosomes (Sei-ADSC-
Exos), further demonstrating that Sei-ADSC-Exos 
exhibited enhanced antioxidant, anti-inflammatory, 
and pro-regenerative properties compared to control 
exosomes. Greater potential in promoting wound heal-
ing was verified by HDFs cultured in vitro and wound 
healing in mice in vivo [136]. Wu et al. used LPS to 
stimulate ADSCs and collected LPS-ADSC-Exos for 
the treatment of vascular endothelial cells [137]. The 
results showed that LPS-ADSC-Exos significantly 
promoted the migration and angiogenesis of vascular 
endothelial cells compared to control exosomes. Pro-
teomic analysis revealed that several angiogenesis-
related proteins, such as histone deacetylase (HDAC), 
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amyloid beta A4 protein (APP), and integrin beta-1 
(ITGB1), were highly expressed in LPS-ADSC-Exos.

Hypoxia pre-treatment
Oxygen tension is widely recognized as a key factor 
influencing the biological behavior of MSCs in culture 
[138]. Studies have shown that hypoxic precondition-
ing of ADSCs induces alterations in the protein and 
miRNA profiles of their exosomes, thereby affecting 
the therapeutic efficacy of ADSC-Exos in skin wound 
treatment. Wang et al. reported that several wound 
healing-related miRNAs, such as miR-21-3p, miR-
126-5p, and miR-31-5p, were significantly upregulated 
in hypoxia-conditioned ADSC-Exos (Hpy-ADSC-Exos) 
compared to normoxic controls [139]. These Hpy-
ADSC-Exos enhanced diabetic wound healing by acti-
vating the PI3K/AKT signaling pathway and exhibited 
superior therapeutic efficacy relative to control exo-
somes [140]. In another study, Shi et al. demonstrated 
that hypoxia treatment increased the expression of 
circ-Snhg11 in ADSC-Exos, which promoted macro-
phage polarization toward a pro-repair phenotype. 
This was achieved by delivering circ-Snhg11 to target 
the miR-144-3p/HIF-1α axis, ultimately facilitating the 
healing of diabetic foot ulcers [141].

Combination ADSC-Exos with biomaterials
Despite their excellent tissue regeneration-promoting 
properties, the limited therapeutic efficacy of ADSC-
Exos in wound healing remains a major challenge. 
ADSC-Exos are typically administered via injection, 
which leads to their rapid clearance from circulation 
and a short duration of action at the target site [142]. 
To address this, recent research has focused on com-
bining exosomes with biomaterials that can prolong 
their retention on wound surfaces without compro-
mising biological activity [143]. Hydrogels, as highly 
hydrophilic biomaterials, are capable of preserving 
the bioactivity of cell secretions while allowing for the 
sustained release of active therapeutic agents [144]. 
Hydrogels significantly improve the therapeutic per-
formance of ADSC-Exos by overcoming limitations 
related to stability, controlled release, and retention. 
The three-dimensional porous network of hydro-
gels enables regulation of exosome release kinetics by 
adjusting pore size relative to exosome diameter, effec-
tively preventing burst release and extending retention 
during degradation [145]. Electrostatic interactions 
between cationic hydrogels, exemplified by chitosan, 
and the anionic phospholipid membranes of exosomes 
enhanced drug-loading efficiency and reduced pre-
mature clearance [146]. Furthermore, the incorpora-
tion of ECM-mimetic adhesion peptides, such as RGD 
and DGEA, or fusion peptides with collagen-binding 

domains, including CP05-conjugated variants, rein-
forces matrix-exosome integration and prolongs bio-
activity at wound sites [147]. The addition of nanoclay 
enhanced the mechanical strength of hydrogels and 
reduced porosity [148], while also extending exosome 
retention through electrostatic immobilization. This 
sustained release aligned with the multi-phase nature 
of tissue repair, thereby maximizing therapeutic out-
comes. For example, delayed exosome release from 
hydrogels supported sustained M1-to-M2 macrophage 
polarization, yielding significantly better results com-
pared to unencapsulated exosomes [149]. In summary, 
hydrogels serve as dynamic reservoirs that stabilize 
ADSC-Exos, extend their local bioavailability, and syn-
chronize their release with the temporal demands of 
tissue regeneration.

Notably, Yang et al. incorporated ADSC-Exos into 
a Pluronic F-127 hydrogel and demonstrated that this 
system enabled the sustained release of exosomes at 
the site of injury [150]. The Pluronic F-127/ADSC-
Exos complex promoted wound healing by enhancing 
collagen regeneration and reducing inflammation. In 
addition to Pluronic F-127, GelMA hydrogels [151], 
β-chitosan nanofibre hydrogels [152], chitosan 
hydrogels [153], alginate hydrogels [154], and ECM 
hydrogels [58] have been shown to effectively load 
ADSC-Exos and improve their therapeutic efficacy in 
traumatic wounds. Moreover, specific modifications 
to hydrogels can endow hydrogel/exosome compos-
ites with unique biological functions. For instance, 
Wang et al. encapsulated ADSC-Exos in an inject-
able, thermosensitive, adhesive, and multifunctional 
polysaccharide-based hydrogel (FEP), enabling sus-
tained pH-responsive exosome release [155]. This 
hydrogel exhibited a range of beneficial properties, 
including tissue adhesion, rapid hemostasis, strong 
antimicrobial activity, UV shielding, and self-healing. 
In a diabetic wound model, the FEP/ADSC-Exos dress-
ing significantly accelerated wound healing by promot-
ing cell proliferation, granulation tissue formation, 
angiogenesis, collagen remodeling, and re-epithelial-
ization. Furthermore, the co-delivery of ADSC-Exos 
with therapeutic agents via hydrogels has emerged as 
a promising approach for wound treatment. Zhang et 
al. developed a dual-loaded hydrogel with adhesive, 
antioxidant, self-healing, and electrically conductive 
properties, designed to co-deliver ADSC-Exos and 
metformin [156]. This composite system reduced cel-
lular ROS levels by inhibiting mitochondrial fission, 
thereby preserving F-actin homeostasis, alleviating 
microvascular dysfunction in a high-glucose envi-
ronment, and effectively enhancing diabetic wound 
healing.
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In addition to hydrogels, bioscaffolds are also widely 
employed for exosome delivery. Shiekh et al. embed-
ded ADSC-Exos into a multifunctional bioscaffold 
possessing antioxidant, antimicrobial, and oxygen-
releasing properties [157]. This bioscaffold acted syn-
ergistically with ADSC-Exos to reduce oxidative stress, 
stimulate angiogenesis, enhance collagen remodel-
ing, and significantly accelerate the healing of dia-
betic wounds infected with Staphylococcus aureus and 
Pseudomonas aeruginosa. Similarly, Khalatbary et al. 
utilized a bioengineered microporous three-dimen-
sional amniotic membrane scaffold (AMS) loaded 
with ADSC-Exos and demonstrated that the combined 
implantation significantly promoted angiogenesis and 
improved diabetic wound healing [158]. These find-
ings further support the potential clinical application 
of combining ADSC-Exos with biomaterials in wound 
treatment (Table 2).

Limitations and prospects
Although previous studies have extensively examined 
the roles of miRNAs, lncRNAs, and proteins in ADSC-
Exos, other important ncRNAs, such as piRNAs and 
tnRNAs, remain largely unexplored. These ncRNAs 
are known to regulate gene silencing, repress transpos-
able elements, and mediate epigenetic modifications, 
thereby playing critical roles in inflammation resolu-
tion and tissue remodeling. For instance, piRNAs have 
been implicated in oxidative stress responses in dia-
betic wounds [22]. Similarly, tnRNAs, which influence 
mRNA stability and translation, may contribute to 
fibroblast activation, but their presence and function 
in ADSC-Exos have not been identified. This limited 
scope constrains our understanding of the full thera-
peutic potential of exosomal cargoes and highlights 
the need to investigate these underrepresented mol-
ecules to uncover novel therapeutic mechanisms.

Advanced sequencing technologies provide pow-
erful tools for identifying novel therapeutic targets 
within ADSC-Exos. While current studies primarily 
focus on single molecular categories, such as miR-
NAs or proteins, multi-omics approaches integrat-
ing transcriptomics, proteomics, and metabolomics 
remain rare. For example, lipidomic analysis could 
elucidate how exosomal sphingolipids influence mac-
rophage polarization, while metabolomic profiling 
may uncover metabolites that promote angiogenesis 
[22]. Furthermore, deep sequencing and single-particle 
analysis can comprehensively profile underrepresented 
molecules, assess cargo heterogeneity, and identify 
specific exosome subpopulations enriched with thera-
peutic components. The integration of these datasets, 
complemented by machine learning, could uncover 
synergistic molecular combinations that enhance 

therapeutic efficacy. For instance, one study demon-
strated the role of exosomal lipid rafts in enhancing 
miRNA delivery to endothelial cells, but such com-
prehensive analyses remain limited [160]. Prioritizing 
multi-omics characterization will advance our under-
standing of the complex regulatory mechanisms of 
ADSC-Exos and facilitate their clinical translation.

Exosomes represent a highly heterogeneous popu-
lation of cell-derived membrane structures, and their 
cargo composition is highly influenced by the physio-
logical state of the parent cell. However, the underlying 
mechanisms governing exosome biogenesis and cargo 
loading remain poorly understood. Current exosome 
engineering strategies are largely based on empiri-
cal approaches, with limited mechanistic insights. To 
improve therapeutic specificity, bioengineering strate-
gies such as surface modification with RGD peptides 
and encapsulation in hyaluronic acid-based hydrogels 
have been employed. For example, RGD-functionalized 
ADSC-Exos demonstrated a 50% increase in targeting 
efficiency to diabetic wounds compared to unmodi-
fied exosomes, while also reducing off-target accu-
mulation in vital organs [161]. Further investigation 
into the molecular mechanisms of exosome formation 
and cargo incorporation is essential to provide a theo-
retical foundation for the precise design and targeted 
modification of engineered ADSC-Exos. Additionally, 
longitudinal studies using fluorescence or radiolabel-
ing to track exosome biodistribution are critical for 
establishing pharmacokinetic profiles and optimizing 
dosing regimens.

Despite promising preclinical results, the clinical 
translation of ADSC-Exos faces significant challenges, 
particularly in scalable production and standardized 
quality control. The process of obtaining and cultur-
ing ADSCs is labor- and material-intensive, with key 
factors such as cell source, isolation methods, cul-
ture conditions, and medium composition affecting 
the yield and quality of ADSC-Exos [162]. Traditional 
isolation methods, such as ultracentrifugation, are 
associated with low yields, high variability, and con-
tamination with other EVs or impurities [163, 164]. 
Methodological heterogeneity, including variations 
in isolation techniques and inconsistent characteriza-
tion, continues to impede reproducibility and clini-
cal relevance. For example, variability in CD63/CD9 
expression limits translational potential [165, 166]. 
Emerging technologies such as the ultrafast-isolation 
system (EXODUS) have significantly improved exo-
some recovery rates, achieving over 90% purity within 
hours and effectively removing impurities such as pro-
tein aggregates [167]. Furthermore, integrating 3D bio-
reactor systems with hypoxia preconditioning has been 
shown to increase ADSC-Exos production by up to 
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threefold, while maintaining functional cargo integrity 
[168]. To ensure standardized quality control, multi-
parametric characterization integrating proteomics 
and miRNA sequencing is essential. Machine learning 
algorithms are also being applied to predict exosome 
quality based on real-time bioprocessing parameters, 
minimizing human intervention and enhancing repro-
ducibility [169].

The long-term safety and efficacy of ADSC-Exos 
remain inadequately studied, particularly in disease-
specific contexts such as diabetic or chronic wounds. 
Existing toxicological data are primarily derived from 
acute or single-dose studies in healthy animal mod-
els, which fail to account for altered biodistribution 
and toxicity responses in pathological conditions 
[170]. Preclinical studies often use varying exosome 
concentrations without clear mechanistic justifica-
tion, making clinical extrapolation challenging. More-
over, while preliminary evaluations report no acute 
irritation or toxicity, the long-term biodistribution, 
immunogenicity, and potential off-target effects of 
ADSC-Exos remain poorly characterized. Tissue-spe-
cific accumulation and adverse effects in metabolically 
heterogeneous populations, such as elderly or immu-
nosuppressed individuals, require further investiga-
tion [171, 172]. Biomaterial-based delivery systems, 
such as hydrogels, can provide controlled local release 
and reduce rapid in vivo clearance, but their long-
term safety and efficacy in humans remain unproven 
[173, 174]. Additionally, significant species differences 
between animal and human skin, such as the presence 
of the panniculus carnosus in mice, limit the transla-
tional potential of preclinical wound healing models 
[175]. Rigorous safety and pharmacokinetic assess-
ments in chronic wound cohorts, using standardized 
dosing and biocompatible carriers, are essential for 
clinical translation [176, 177].

The absence of harmonized regulatory standards for 
exosome-based therapies poses a significant barrier 
to clinical approval. Regulatory agencies, such as the 
FDA and EMA, mandate comprehensive evidence of 
product characterization, safety, and efficacy follow-
ing Good Manufacturing Practice (GMP) guidelines. 
The International Society for Extracellular Vesicles 
(ISEV) MISEV2023 framework provides a foundational 
roadmap for regulatory compliance, promoting stan-
dardized protocols for exosome isolation, character-
ization, and reporting [178]. However, preclinical data 
from physiologically relevant models, such as human-
ized mice or non-human primates, are increasingly 
required to evaluate immunogenicity and tumorigenic 
potential before initiating clinical trials. Ethical con-
siderations, including transparent donor consent for 
ADSC sourcing and equitable access to therapies, must 

also be addressed. Recent guidelines emphasize the 
importance of ethical oversight committees to audit 
exosome production workflows and ensure compliance 
with biosafety standards [163]. International collabora-
tions are crucial for aligning regulatory requirements 
and expediting global clinical translation.

Advancing ADSC-Exos into clinical practice requires 
collaborative innovation across scalable biomanu-
facturing, quality control, comprehensive safety and 
efficacy validation, and regulatory and ethical over-
sight. Future efforts should focus on developing 
GMP-compliant manufacturing platforms, conducting 
multicenter longitudinal safety studies, and fostering 
stakeholder engagement to address ethical consider-
ations and commercial challenges. By addressing these 
limitations, ADSC-Exos can unlock their full thera-
peutic potential in wound healing and beyond.

Clinical studies in recent years have shown that exo-
somes/EVs have the potential to treat various types of 
wounds with a favorable safety profile and efficacy. In a 
phase I trial, platelet-derived EVs (pEVs) showed excel-
lent tolerability in wounds of healthy volunteers, and 
subcutaneous administration showed no significant 
adverse effects [179]. Notably, multiple sources of exo-
somes/EVs have shown significant results in complex 
refractory wounds. Pumford et al. topical application of 
pEVs achieved 96–100% closure of poorly healing scalp 
wounds following chemoradiation and surgery [180]. 
Bone marrow MSC-EVs (ExoFlo®) promote complete 
healing of recurrent pressure ulcers within 8 weeks [181]. 
Placental MSC-EVs caused dog bite wounds to heal 
within 10 days with minimal scarring, while plant-derived 
rose stem cell-EVs caused complete healing of vulvar 
wounds in patients with Behçet’s disease within 4 weeks 
[182, 183]. Specifically concerning ADSC-Exos, Kwon et 
al. reported that topical application of ADSC-Exos after 
laser treatment significantly improved acne scar remod-
eling [184]. In skin aging studies, intradermal injection 
of ADSC-Exos significantly improved skin firmness, 
wrinkles, and hydration without adverse effects [185]. 
Importantly, there were no treatment-related adverse 
events in all seven studies, whether the trauma was acute, 
chronic, or caused by surgical or other pathological fac-
tors. Local surface application, subcutaneous and intra-
dermal injections, and multiple routes of administration 
were also safe and effective. These safety data and con-
sistent efficacy in challenging cases demonstrate the 
feasibility of exosome-based therapies for clinical trans-
lation. Three clinical trials investigating exosomes/EVs 
in burns (NCT05078385), dystrophic epidermolysis bul-
losa (NCT04173650), and venous ulcers (NCT04652531) 
have been registered on ClinicalTrials.gov, and no results 
have been published. Collectively, these 7 clinical studies 
presented in Table 3 highlight the emerging prominence 
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of exosomes/EVs in the field of wound healing and tissue 
regeneration. Although the results of clinical trials spe-
cifically evaluating ADSC-Exos for wound healing are not 
yet available, their well-documented biological properties 
in preclinical studies strongly suggest the great poten-
tial for future applications of ADSC-Exos in promoting 
wound healing (Table 3).

Conclusions
Collectively, ADSC-Exos offer significant promise 
in regenerative medicine, particularly for enhanc-
ing wound healing. ADSC-Exos deliver a rich array of 
bioactive molecules, including ncRNAs and proteins, 
which modulate critical processes such as immune 
regulation, cell proliferation, angiogenesis, and col-
lagen remodeling. Their ability to orchestrate these 
mechanisms makes them a potent tool for tissue 
repair. Recent advancements in engineering strate-
gies, including genetic modification and precondition-
ing of ADSCs, have further enhanced the therapeutic 
potential of ADSC-Exos. Techniques such as hypoxic 
treatment and the incorporation of biomaterials like 

hydrogels have improved exosome stability and deliv-
ery efficiency, ensuring sustained release and targeted 
action at wound sites (Fig. 4). Despite these promising 
developments, challenges remain in the clinical trans-
lation of ADSC-Exos. Future research must focus on 
scalable production, standardized isolation methods, 
and comprehensive safety assessments. Additionally, 
exploring the biogenesis mechanisms and optimizing 
the cargo loading of exosomes will be crucial for refin-
ing their therapeutic efficacy. By utilizing interdisci-
plinary collaboration and adhering to rigorous ethical 
standards, ADSC-Exos can be effectively integrated 
into clinical practice, offering innovative solutions for 
patients with chronic and complex wounds.
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ADSCs	� Adipose-derived stem cells
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CCL2	� C-C motif chemokine ligand 2

Fig. 4  Roles and mechanisms of ADSC-Exos in wound healing. Adipose-derived stem cell exosomes (ADSC-Exos) facilitate wound healing by delivering 
a spectrum of bioactive molecules including metabolites, proteins, DNA, and various non-coding RNAs (ncRNAs). These exosomes enhance tissue repair 
through several key mechanisms: [1] Immune modulation: ADSC-Exos modulate inflammatory responses by altering macrophage polarization through 
ncRNAs like circRps5 and miR-146a, which orchestrate the shift from pro-inflammatory to reparative phenotypes [2]. Cell proliferation and migration: 
They promote fibroblast and keratinocyte activities essential for wound closure and epithelialization [3]. Angiogenesis: ADSC-Exos stimulate vascular 
endothelial cell proliferation and migration by delivering ncRNAs such as miR-132 and lncRNA H19, thereby enhancing neovascularization [4]. Collagen 
remodeling: ADSC-Exos regulate collagen synthesis and remodeling, crucial for tissue integrity and scar reduction, by modulating pathways such as the 
IL-17RA mediated by miR-192-5p. Collectively, these mechanisms contribute to the optimized healing process across different wound healing stages, 
from inflammation to tissue regeneration
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