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Abstract: Delayed wound healing is a major complication of diabetes, significantly impacting patients’ quality of life. Traditional
treatments, such as wound debridement, dressing application, and growth factor therapy, often suffer from limited efficacy and
significant side effects. In recent years, exosomes have emerged as a promising therapeutic strategy for promoting diabetic skin wound
healing. Exosomes, nano-sized vesicles secreted by cells, are rich in bioactive components, including proteins, nucleic acids, and
lipids, enabling them to participate in intercellular communication and modulate cellular functions. Studies have demonstrated that
exosomes derived from stem cells can significantly enhance diabetic wound healing. This effect is attributed to their ability to
modulate key wound healing processes, including shortening the inflammatory phase, promoting angiogenesis, facilitating cell
migration and re-epithelialization, and regulating collagen remodeling. Moreover, various pre-treatment strategies, applied to either
the exosome-secreting cells or the isolated exosomes themselves, can significantly augment their therapeutic efficacy. As natural
nanocarriers with low immunogenicity and high targeting specificity, exosomes hold great promise in tissue repair and regenerative
medicine. This review summarizes the latest research progress on exosomes in diabetic wound healing, exploring their mechanisms of
action and potential clinical applications, thereby establishing a foundation for the clinical translation of exosomes in diabetic wound
management.
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Introduction

Diabetes mellitus represents a prevalent chronic metabolic disorder. According to the International Diabetes Federation
(IDF), approximately 537 million people worldwide are affected by diabetes, with a prevalence rate of 1 in every 11
individuals." Diabetes primarily arises from cellular resistance to insulin or insufficient insulin secretion, leading to
hyperglycemia and disruption of physiological homeostasis. Among these, type 2 diabetes mellitus (T2DM) is the most
common, accounting for approximately 90% of all cases. Delayed wound healing process is a major complication of
T2DM, and treatment remains challenging.” Impaired wound healing in diabetic patients stems from a multitude of
factors, including compromised immune response to infection, impaired blood circulation, neuropathy, impaired protein
synthesis, cellular dysfunction, and atherosclerosis.** Conventional therapeutic approaches for diabetic wounds encom-
pass wound debridement, dressing application, glycemic control combined with anti-infection measures, oxygen or other
gas therapies, negative pressure wound therapy, and growth factor therapy.”’ However, these conventional modalities
possess inherent limitations. For instance, maintaining glycemic control frequently necessitates long-term insulin therapy,
which can be associated with adverse effects such as lipohypertrophy, skin infections, and subcutaneous induration at the
injection site. Moreover, insulin therapy can contribute to weight gain, thereby increasing the risk of cardiovascular and
other complications.® Improper timing and methodological choices in debridement, coupled with inter-individual
variability, may lead to suboptimal outcomes.'® Consequently, there is an urgent clinical need for the development of
novel technologies that promote wound healing in diabetic patients.
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Recent studies have demonstrated the substantial efficacy of exosomes in promoting diabetic wound healing.'" '

Exosomes are extracellular vesicles generated by multivesicular bodies and can be isolated from various sources,

20,21

including blood,'>'” breast milk,'® urine,'® tissues, and even plants.*> Serving as crucial mediators of paracrine

signaling, exosomes encapsulate a diverse array of proteins, lipids, and nucleic acids. These bioactive molecules can be

delivered to recipient cells, activating relevant signaling pathways*~* 25,26

or influencing target gene expression, thereby
modulating gene and protein expression and affecting cellular functions. Exosomes derived from stem cells can exert
regenerative effects analogous to those of their parent cells in tissue injury contexts, while circumventing the risks
associated with stem cell transplantation.?” In recent years, the application of exosomes in diabetic wound healing has
garnered considerable attention. Exosomes effectively promote wound healing through various mechanisms, including
shortening the inflammatory phase, promoting angiogenesis, enhancing cell migration and proliferation, modulating
collagen remodeling, and inhibiting scar formation.'>*® While previous reviews have discussed the general role of
exosomes in wound healing, few have provided an integrated and up-to-date synthesis of natural exosomes, exosomes
from pretreated parental cells, engineered exosomes, and exosome—biomaterial combinations in the specific context of
diabetic wound healing. This review aims to fill these critical gaps by systematically summarizing the current under-
standing of exosome biology in diabetic wound healing, including their mechanisms of action, therapeutic effects,
enhancement strategies, and integration with advanced biomaterials. By offering a comprehensive and mechanistically
grounded review, this article aims to inform future research directions and support the development of effective exosome-

based therapies for diabetic wounds.

Mechanisms Underlying Impaired Diabetic Wound Healing

Normal Wound Healing Process

Wound healing is a precisely orchestrated process comprising four overlapping phases: hemostasis, inflammation,
proliferation, and remodeling.”® During hemostasis, immediately following injury, damaged blood vessels and surround-
ing microvessels constrict to stem blood flow. Vascular damage exposes subendothelial collagen, prompting rapid platelet
adhesion. Under the influence of factors such as thrombin, platelets aggregate to form a hemostatic plug, occluding the
wound. Concurrently, soluble fibrinogen in plasma is converted to fibrin by thrombin, forming a meshwork that further
traps blood cells, reinforcing clot formation.’®>' In the inflammatory phase, the release of vasoactive substances and
chemokines attracts inflammatory cells, including leukocytes, neutrophils, macrophages, and lymphocytes, to the wound
site. These cells clear necrotic tissue, foreign debris, and bacterial products, while also releasing growth factors that
prime subsequent healing phases.”*”> As necrotic tissue and bacteria are cleared, inflammation gradually resolves,
marking the onset of the proliferative phase. Fibroblasts, endothelial cells, and keratinocytes begin to proliferate and
migrate, generating granulation tissue. Fibroblasts proliferate extensively, producing extracellular matrix components
such as collagen fibers and fibronectin.’* Endothelial cells form new blood vessels to provide essential nutrients to the
wound. Keratinocytes, through re-epithelialization, cover the wound with a new epidermal layer, further promoting
healing.>> In the remodeling phase, after the wound is filled with granulation tissue, the extracellular matrix undergoes
remodeling by matrix metalloproteinases. Type III collagen is gradually replaced by type I collagen, forming a more

robust scar tissue, completing the healing process.?*¢?

Mechanisms of Impaired Wound Healing in Diabetic Skin

While normal skin repair is rapid, several factors in diabetic patients, including the accumulation of advanced glycation
end products (AGEs), vasculopathy, nerve damage, and aberrant inflammatory responses, contribute to delayed wound
healing and the potential development of chronic ulcers (Figure 1).

Advanced Glycation End Products (AGEs)

In a hyperglycemic environment, excess glucose facilitates the non-enzymatic glycation of proteins and lipids, leading to
the formation of Advanced Glycation End Products (AGEs).*® The accumulation of AGEs is a well-documented
hallmark of diabetes and a major contributor to impaired wound healing due to their detrimental effects on cellular
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Figure | Key mechanisms impairing wound healing in diabetic skin. The schematic illustrates how hyperglycemia disrupts normal wound healing processes. Key factors such
as hyperglycemia, chronic inflammation, angiopathy, and neuropathy create a hostile environment for repair. These pathologies disrupt essential cellular processes, impair
immune responses, and stall the normal progression through the inflammatory, proliferative, and remodeling phases of healing. This cascade ultimately leads to the formation
of chronic, non-healing wounds, a common complication of diabetes.

and extracellular matrix (ECM) homeostasis. Pathologically, AGEs exert their effects through multiple mechanisms:
They perpetuate chronic inflammation by binding to the receptor for AGEs on immune cells, such as macrophages,
promoting a sustained pro-inflammatory M1 phenotype and prolonging the inflammatory phase of wound healing.
Furthermore, the interaction of AGEs with RAGE generates significant oxidative stress, leading to a surge in reactive
oxygen species (ROS) that inflicts further cellular damage and inhibits the function of critical enzymes and growth
factors necessary for effective repair.*' *° Collectively, these interwoven pathological processes create a hostile and non-
permissive microenvironment that severely impedes the normal healing cascade.

Microvascular Disease and Endothelial Dysfunction

The dermal layer of the skin is richly vascularized with a dense capillary network, supplying nutrients and removing
metabolic waste. In diabetic patients, persistent hyperglycemia increases the hemodynamic burden. Uncontrolled blood
glucose leads to thickening of the microvascular basement membrane, narrowing or even occluding the vascular lumen,
impeding normal blood flow.*® This ultimately compromises blood supply to skin tissues, affecting skin health. Due to
impaired peripheral circulation, injured skin areas receive insufficient nutrients, leading to slow or stalled wound healing.
Angiogenesis is a complex process precisely regulated by various cells and factors.*’ During wound repair, endothelial
progenitor cells and endothelial cells migrate and proliferate towards the injured site under the influence of angiogenic
factors or stimuli. Through chemotaxis, they participate in new blood vessel formation and vascular network reconstruc-
tion, improving blood supply to the damaged area and accelerating wound healing.*® However, in diabetic wounds, the
dysregulation of glucose and lipid metabolism as well as oxidative stress impairs the proliferation and migration of
endothelial cells and even induces their apoptosis, directly impeding neovascularization.*’ Moreover, the dysregulated
glucose and lipid metabolism decreases the transcriptional activity of hypoxia-inducible factors, thereby weakening the
cellular responses to hypoxia and subsequently reducing the activity of downstream proteins and various growth factors,
which further hampers angiogenesis.’® Reduced endothelial cell activity and insufficient growth factor result in

inadequate neovascularization in diabetic wounds, impeding healing.
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Neuropathy

Diabetic neuropathy is a common and debilitating complication that profoundly impairs the wound healing process. In
diabetic patients, persistent hyperglycemia induces metabolic and microvascular dysfunctions that lead to nerve damage,
including reduced nerve blood flow and endoneurial hypoxia.”'>* This neuropathy manifests in three critical ways that
compromise skin integrity and repair. First, damage to sensory nerves results in a loss of protective sensation (LOPS),
diminishing the patient’s ability to perceive pain, pressure, and temperature. Consequently, minor mechanical traumas
often go unnoticed, allowing them to escalate into severe, non-healing ulcerative wounds.>* Second, autonomic neuro-
pathy disrupts sudoral (sweat gland) function, leading to anhidrosis. The resulting dry, brittle, and inelastic skin is prone
to fissures and cracks, which serve as entry portals for pathogens and significantly increase the risk of infection, further
compromising the skin’s barrier function.’**3 Finally, neuropathy creates a deficiency in crucial cutaneous neuropeptides
and neurotrophic factors, such as Substance P (SP) and Nerve Growth Factor (NGF).”° These molecules are essential for
orchestrating the healing cascade, as they promote keratinocyte and fibroblast proliferation, stimulate angiogenesis, and
modulate local inflammation. Their depletion in diabetic skin impairs these vital signaling pathways, directly hindering

re-epithelialization and neovascularization and contributing significantly to the wound’s chronic, non-healing state.’”->®

Aberrant Inflammatory Response

Inflammation is an immune response initiated by the body in response to tissue injury or infection, typically characterized
by redness, swelling, heat, pain, and loss of function.>”-®° Normally, inflammation is a beneficial defense mechanism that
helps clear pathogens, repair damaged tissue, and restore homeostasis. However, in diabetic wounds, hyperglycemia
leads to persistent accumulation and infiltration of immune cells, accelerating the release of pro-inflammatory cytokines

61-64

and chemokines, thereby exacerbating inflammation and slowing wound healing. Diabetic wounds exhibit

a prolonged inflammatory phase, leading to a state of chronic inflammation. In the later stages of inflammation,
hyperglycemia also hinders the transition of pro-inflammatory M1 macrophages to reparative M2 macrophages,®>
perpetuating the inflammatory state. Furthermore, excessive neutrophil extracellular traps (NETs) released by neutrophils
within the wound are capable of activating the NLRP3 inflammasome in macrophages and inducing the release of IL-1p.
This, in turn, prolongs the residence time of inflammatory cytokines in diabetic wounds, further extends the inflammatory

phase, and inhibits the formation of granulation tissue.®”-*®

Introduction of Exosomes

Origin, Definition, Biogenesis, and Isolation of Exosomes

In 1967, Wolf first identified a class of substances in plasma and named them “platelet-dust”,*® which were subsequently
confirmed to be extracellular vesicles. In the 1980s, researchers elucidated the mechanism of extracellular vesicle
secretion by reticulocytes of rats and sheep: inward budding of endosomes leads to the formation of multivesicular
bodies (MVBs), which then fuse with the plasma membrane, releasing their contents into the extracellular
environment.”%’! In 1987, Rose Johnstone et al, first used the term “exosome” to describe these cell-derived
vesicles.”? Exosomes are a subtype of extracellular vesicles, ranging from 30 to 150 nm in diameter, with a density of
1.13-1.19 g/mL. They are released into the extracellular environment following fusion of MVBs with the plasma
membrane.”>”* Under electron microscopy, exosomes exhibit a characteristic “cup-shaped” or “concave disc-shaped”
morphology.”

Exosome biogenesis is precisely regulated by various proteins and cytokines, primarily involving the following steps:
(1) inward budding of MVBs to form intraluminal vesicles (ILVs); (2) trafficking of various proteins, lipids, and nucleic
acids to ILVs; (3) migration of MVBs to the plasma membrane; and (4) fusion of MVBs with the plasma membrane,
releasing exosomes.’®’” ILV formation occurs via two main pathways: the endosomal sorting complex required for
transport (ESCRT)-dependent and ESCRT-independent pathways, depending on the mechanisms of different exosome
subpopulations.’®”®

Exosome extraction and purification are crucial for exosome research, thus selecting an appropriate extraction
technique is essential for obtaining high-quality exosomes. With technological advancements, exosome isolation methods
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Table 1 Comparison of Exosome Isolation Methods

Method Yield Purity Cost Scalability | Limitations

Differential Moderate Moderate High (equipment | Low Time-consuming (>4 hours), mechanical damage to

Ultracentrifugation (UC) cost) exosomes, low reproducibility

Density Gradient Moderate Moderate to high (reduced High Low Time- consuming, complex setup, low recovery of

Centrifugation to high protein aggregates) small vesicles

Polymer Precipitation High Low (contaminants like Low High Non-specific precipitation, polymer residue, difficult

(eg, PEG) proteins, lipoproteins) to remove

Size-Exclusion Moderate Moderate (minimal protein Moderate Moderate Column clogging, long processing time, limited sample

Chromatography (SEC) to high contamination) volume

Immunoaffinity Capture Low High (specific to marker- High (antibodies) | Low Limited by marker expression, low throughput,
expressing vesicles) antibody cross-reactivity

Microfluidics (eg, High High (>80%) High (equipment | Moderate Small sample volume, channel clogging, technical

ExoChip) cost) complexity

Tangential Flow Filtration | High Moderate Moderate High Membrane fouling, requires specialized pumps, initial

(TFF) setup complexity

Ultrafiltration Moderate Moderate (retention of small Low Moderate Shear force damage, membrane clogging, variable
particles) recovery rates

have become increasingly diverse, with different methods significantly affecting exosome concentration, purity, and

80,81

yield. Currently, commonly used isolation methods include ultracentrifugation, precipitation,®> immunoaffinity

2066 and ultrafiltration.”® Although a universally accepted gold standard has

capture®® size-exclusion chromatography,
not yet been established, ultracentrifugation remains the most widely used and recognized method, the comparison of

different methods is shown in Table 1.

Exosome Cargo

Exosomes contain a diverse array of nucleic acids, proteins, and lipids, the composition of which depends on the cell type
and extracellular environment.** Under specific conditions, they reflect the characteristics and physiological state of the
donor cells, playing an important role in intercellular communication. Nucleic acids within exosomes include messenger
RNA (mRNA), microRNA (miRNA), long non-coding RNA (IncRNA), circular RNA (circRNA), and DNA.* These
nucleic acids carry genetic information and are delivered to recipient cells via endocytosis, subsequently influencing
protein synthesis. Proteins contained within exosomes play critical roles in their formation, transport, and interaction with
recipient cells. These proteins encompass the tetraspanin family (eg, CD9, CD62, CD63, CD81), ESCRT proteins (eg,
Alix, TSG101), integrins, heat shock proteins (eg, HSP70, HSP90), and actin,!>-26-86-88 Among them, TSG101, HSP70,
Alix, CD81, and CD63 are widely used as exosome marker proteins. The lipid composition of exosomes is similar to that
of the cell membrane, mainly including sphingomyelin, cholesterol, glycerophospholipids, and ceramide.***° These
lipids play important roles in maintaining exosome structure, protecting cargo, and participating in intercellular com-
munication. In recent years, mitochondrial components, such as mitochondrial DNA (mtDNA), mtDNA-encoded mRNA,
and mitochondrial-related proteins, have been detected in exosomes.”’ Studies by Anisha et al have shown that cell-
derived vesicles from human brain endothelial cells can transfer mitochondria under ischemic conditions and enhance
endothelial cell survival.”

It should be noted that the influence of donor characteristics significantly impacts the cargo of exosomes, particularly
miRNA profiles.”® Studies suggest that donor age can alter the exosomal miRNA signature, with exosomes from younger
individuals potentially carrying miRNAs that promote cell proliferation, while those from older donors might contain
miRNAs associated with senescence.”® Donor sex also appears to play a role in shaping exosomal miRNA content.
Certain miRNAs have been found to be differentially expressed in exosomes based on the sex of the donor, highlighting
potential sex-specific regulatory mechanisms mediated by these vesicles.”” Furthermore, diabetic status significantly
affects exosomal miRNA profiles. Comparisons between diabetic and non-diabetic individuals have revealed distinct
miRNA signatures in circulating exosomes.”® For example, specific miRNAs have been found to be upregulated in
diabetic patients, suggesting that these alterations in exosomal miRNA cargo could contribute to the pathogenesis or
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progression of diabetes-related complications. These variations highlight the importance of considering donor profiles in
studies utilizing exosomes for therapeutics and underscore the need for further research to fully elucidate the mechanisms
and functional consequences of these alterations. Understanding how these factors shape exosomal content could pave
the way for more personalized and effective applications of exosome-based technologies.

Biological Functions of Exosomes

Exosomes not only reflect the characteristics and physiological state of donor cells but also play a crucial role in
intercellular communication. Donor cells release exosomes into the extracellular environment, and these exosomes are
subsequently transported to recipient cells via body fluids. After exosomes fuse with the plasma membrane of recipient
cells, they release their contents and interact with receptors on the recipient cell surface, thereby initiating downstream
signaling cascades and triggering physiological or pathological responses in recipient cells.*>*’ Studies have demon-
strated that exosomes are capable of modulating the immune system’s function. Exosomes derived from bone marrow
mesenchymal stem cells (BMSCs) affect the maturation and activation of dendritic cells (DCs) and reduce the release of
inflammatory factors.”® Exosomes secreted by immune cells carry immunomodulatory molecules, such as miRNA,
cytokines, and chemokines, participating in the activation, proliferation, and differentiation of immune cells. Exosomes
derived from M2 macrophages (M2-Exos) are able to induce the polarization of pro-inflammatory M1 macrophages into

6699 Exosomes derived from regulatory T cells (Treg-exosomes) exert significant

anti-inflammatory M2 macrophages.
influence on peripheral blood mononuclear cells (PBMCs), modulating their phenotype and suppressing the production of
the pro-inflammatory cytokine interleukin-6 (IL-6).%' Moreover, Treg-exosomes can induce dendritic cells (DCs) to

release anti-inflammatory cytokines.'®

Application of Exosomes in Wound Healing

Exosomes exhibit significant therapeutic potential in diabetic wound healing. Natural exosomes promote diabetic wound
healing by modulating inflammation, promoting angiogenesis, restoring cellular function, and regulating the extracellular
matrix (ECM). Furthermore, exosomes derived from parental cells pretreated with pharmacological, physical, or
biological stimuli demonstrate enhanced therapeutic efficacy. Engineered exosomes, generated through endogenous or
exogenous modification, enable precise delivery of specific therapeutic molecules. Moreover, combining exosomes with
biomaterials such as hydrogels, nanofibers, or other dressings significantly improves exosome delivery efficiency and
therapeutic outcomes at the wound site (Figure 2). The research progress of natural or modified exosomes in treating
diabetic wounds is summarized in Table 2.

Role of Natural Exosomes in Wound Healing
Natural exosomes, derived from various sources, promote wound healing through multiple mechanisms, including
inhibiting inflammation, promoting angiogenesis, restoring cellular function, and modulating the ECM.

Anti-Inflammatory Effects of Exosomes in Diabetic Wounds

Chronic inflammation triggered by diabetes is a critical factor contributing to impaired wound healing. Studies have
shown that exosomes from various sources play a pro-healing role during the inflammatory phase of diabetic wounds.'*°
These exosomes are derived from a wide range of sources, including mesenchymal stem cells, immune cells, biological
fluids, and plant extracts. Exosomes secreted by human umbilical cord mesenchymal stem cells (HucMSC-Exos)
significantly increase the expression of N2 neutrophils, thereby shortening the inflammatory phase and increasing the
release of angiogenic factors.'”' Exosomes derived from adipose-derived mesenchymal stem cells (ADSC-Exos) act on
human umbilical vein endothelial cells (HUVECS), increasing the expression of SIRT3, which enhances superoxide
dismutase 2 (SOD2) activity and reduces the levels of inflammatory cytokines.'®® Treg-Exos derived from umbilical cord
blood target PBMCs, promoting their polarization to anti-inflammatory M2 macrophages and significantly reducing

inflammatory cytokine secretion,®'

an effect of significant importance in alleviating chronic inflammation in diabetic
patients. Serum-derived exosomes carrying miRNA-324-5p counteract diabetes-related inflammatory responses by

negatively regulating CPT1A gene expression and reducing inflammatory cytokine release.'”® Plant-derived exosomes
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Figure 2 Therapeutic Applications of Exosomes in Wound Healing. The schematic illustrates the multifaceted roles of exosomes in promoting tissue regeneration. Derived
from various sources, natural or modified exosomes carry therapeutic cargo to target cells in the wound microenvironment. Their therapeutic actions include enhancing
angiogenesis, reducing inflammation, stimulating fibroblast proliferation and migration, promoting collagen deposition and extracellular matrix (ECM) remodeling,
accelerating re-epithelialization, and reducing scarring. These coordinated effects accelerate wound healing.
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Table 2 Applications of Exosomes in the Treatment of Diabetic Skin Wounds

parental cells

axis

Source of Exosomes Optimization Method Mechanism Results Reference
Strategy
HucMSC Natural / Increase phosphorylation of STAT6. Increased expression of N2 neutrophils; promoted collagen [101,102]
exosomes deposition.
ADSC Natural / Enhance SIRT3/SOD?2 expression; regulate the Promoted angiogenesis, reduced mitochondrial dysfunction and | [103-107]
exosomes interaction between miR-138-5p and SIRT| through | inflammatory response; restored the function of EPCs;
Circ-Astnl; miRNA-125a-3p regulates the PTEN enhanced the viability and migration ability of HUVECs;
pathway; circRps5 regulates miR-124-3p. promoted macrophage polarization to M2; promoted re-
epithelialization.
Regulatory T cells (Treg) in umbilical Natural / / Enhanced the migration of endothelial cells and fibroblasts, [81]
cord blood exosomes upregulated the ratio of M2 macrophages.
Serum Natural / Activate ERK 1/2, JNK and p38 signaling pathways; Restored the function of endothelial cells; promoted [15,16,88,108]
exosomes miR-16-2-3p regulates ACADM;.MiRNA-324-5p angiogenesis; reduced the release of inflammatory factors;
downregulates CPTIA level promoted the migration of fibroblasts
Plant extract Natural / / Increased wound oxygenation, reduced inflammation, cytokine | [22]
exosomes production and matrix remodeling.
BMSC Natural / Activate Nrf2 signaling pathway; miR-221-3p Enhanced antioxidant capacity and promoted angiogenesis. [109,110]
exosomes regulates FOXPI/SPRY | axis.
TEXs Natural / Activate PI3K/Akt signaling pathway Promoted the migration, proliferation and angiogenesis of [23]
exosomes HUVEC cells.
Carcinoma tissue Natural / / Promoted the proliferation and migration of endothelial cells, [20]
exosomes keratinocytes and fibroblasts.
HFMSC Natural / IncRNA H19 downregulates NLRP3 inflammasome. | Enhanced the proliferation and migration of HaCaT cells and [
exosomes inhibited pyroptosis.
EPCs Natural / miR-182-5p inhibits the expression of PPARG. Promoted the proliferation, migration of HaCaTs, and inhibited | [I12]
exosomes their apoptosis.
PRP Natural / Activate PDGF-BB/JAK2/STAT3/Bcl-2 signaling Prevented fibroblast apoptosis [113]
exosomes pathway.
HaCaT Natural / Regulate the TGFBI/SMAD3 signaling axis. Promoted collagen deposition and ECM remodeling [114]
exosomes
Dermal fibroblasts Natural / Activate Akt/B-catenin signaling pathway. Promoted re-epithelialization and collagen deposition [115]
exosomes
BMSC Pretreatment of | ATV/PGZ/hypoxia/lFN-y/ Activate PI3K/AKT/eNOS pathway; activate MAPK- | Promoted the proliferation, migration, tube formation and [63,116—119]
parental cells MT induced AKT-mTORCI signaling; regulate SPREDI/ | VEGF level of endothelial cells; promoted collagen deposition,
Ras/Erk pathway; activate PTEN/AKT signaling ECM remodeling and the expression of VEGF and CD31;
pathway activated the proliferation and migration of keratinocytes
EPCs Pretreatment of | ASIV/ PTHrP-2 Activate PI3K/AKT/mTOR pathway; activate Akt/ Promoted the collagen deposition area and the expression of [120,121]
parental cells Erk1/2 pathway VEGF; promoted the viability of fibroblasts and epithelial cells
HucMSC Pretreatment of | Blue light irradiation/LPS/ Increase eNOS or let-7b expression in HucMSC- Improved inflammatory characteristics and regulated the [122-125]
parental cells agonist/Nr-CWS exo; activate Wht signaling pathway immune microenvironment; promoted the activation of M2
macrophages; promoted cell migration and inhibited apoptosis
ADSC Pretreatment of | Hypoxia Regulate PI3K/AKT signaling pathway; miR-144-3p/ Inhibited inflammatory response; induced M2-like macrophage | [126-128]
parental cells HIF-1a axis; miR-670-5p/Nrfl pathway. polarization; reduced ROS and inflammatory cytokines
HUVEC Pretreatment of | Hypoxia Regulate the transcription factor BHLHE23/KLF4 Alleviated endothelial cell dysfunction [129]
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Dental pulp mesenchymal stem cells

ADSC

BMSC

Bovine milk

BMSC

ADSC

Human umbilical cord blood

M2 macrophages

BMSC

ADSC

HucMSC

HUVEC

Adipose stromal cells

Bovine milk

Pretreatment of
parental cells

Engineered
exosomes-
endogenous
loading

Engineered
exosomes-
endogenous
loading
Engineered
exosomes-
exogenous
loading

Engineered
exosomes-
exogenous
loading
Engineered
exosomes-
exogenous
loading
Combined with
materials

Combined with
materials

Combined with
materials

Combined with
materials

Combined with
materials

Combined with
materials
Combined with
material
Combined with
materials

TNF-a

Overexpressed Nrf2/circ-
Astnl/IRFI

Overexpressed HMOX |

Encapsulated miR-31-5p
into mEXO by
electroporation/loaded
siKeap| into mEXO by
ultrasound

Loaded miR-146a-5p into
BMSC-EXO by
electroporation technology

Loaded hyaluronic acid

Amphiphilic hydrogel

Self-healing hydrogel
formed by mixing
polyethylene glycolylated
silk cellulose/double-layer
microneedles
Oxygen-producing
microspheres combined
with sprayable alginate
hydrogel (SA)

FHE hydrogel/GelMA/
OxOBand/AMS

FHE hydrogel/nSF-EPL

Methacrylate gelatin
microneedle patch
Multifunctional
polysaccharide dressing
Electrospun nanofiber
matrix of hyaluronic acid
(HA) coated with
polydopamine (PDA)

Regulate the Wnt5a-mediated RANKL pathway
Regulate miR-138-5p/SIRTI/FOXOI axis/regulate

miR-16-5p/SP5 axis

Upregulate the expression of HO-I protein in Exo-
HMOXI

Increase the nuclear localization of Nrf2 and the

expression of antioxidant protein HO-|

Regulate TRAF6

Upregulate the expression of TGF-f and VEGF
genes

Activate miR-144-3p/NFE2L2/HIF|a signaling

Induced macrophage polarization to M2 type

Promoted granulation tissue formation, angiogenesis and
increased the expression of growth factors

Enhanced the proliferation and migration ability of fibroblasts
and keratinocytes

Promoted the proliferation, migration and tube formation of
HUVEC:s; alleviated oxidative stress

Promoted the polarization of M2 macrophages and enhanced
the proliferation, migration and angiogenesis of HUVECs

Reduced inflammatory response
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reduced the inflammatory response.
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also exhibit anti-inflammatory effects, effectively reducing IL-6 levels in diabetic wounds, further highlighting the
potential of exosomes in modulating inflammation in diabetic wounds.*?

Role of Exosomes in Angiogenesis in Diabetic Wounds

Exosomes play a crucial role in promoting angiogenesis during diabetic wound healing. Serum exosomes laden with
angiopoietin-like 6 (ANGPTL6) have the capacity to activate the ERK 1/2, JNK, and p38 signaling cascades, thereby
facilitating the restoration of endothelial cell functionality.'> Furthermore, miRNA-16-2-3p in serum exosomes promotes
endothelial cell repair by targeting ACADM.'® ADSC-Exos containing circ-Astnl restore the function of endothelial
progenitor cells (EPCs) by mediating the interaction between miR-138-5p and SIRT.'®* miRNA-125a-3p in ADSC-Exos
significantly enhances HUVEC viability and migration by inhibiting PTEN gene expression.'®® Bone marrow mesench-
ymal stem cell-derived exosomes (BMSC-Exos) also demonstrate pro-angiogenic potential. Specifically, the circ-ITCH
carried by them is capable of recruiting TAF15 protein and activating the Nrf2 signaling pathway, which consequently
enhances both the cellular antioxidant capacity and the process of angiogenesis.'®® miRNA-221-3p in BMSC-Exos
promotes angiogenesis by regulating the FOXP1/SPRY1 axis, demonstrating its significant potential in treating diabetic

wounds.'?

Restoration of Cell Function Related to Diabetic Wound Healing by Exosomes

Exosomes play a key role in restoring the function of cells involved in skin wound healing, including endothelial cells,
fibroblasts, keratinocytes (HaCaT), and macrophages. Previous studies have demonstrated that exosomes secreted by 4T1
mouse mammary cancer cells encompass miRNA-126a-3p. This miRNA has the ability to activate the PI3K/Akt
signaling pathway, which in turn promotes cell migration, proliferation, and angiogenesis. Subsequently, this cascade
of events leads to a significant acceleration of chronic wound healing.”® Similarly, exosomes from oral squamous cell
carcinoma tissue show similar effects, promoting the proliferation and migration of endothelial cells, keratinocytes, and
fibroblasts.”’ Regarding cell protection, exosomes secreted by hair follicle mesenchymal stem cells (HFMSC-Exos)
containing H19, a long non-coding RNA (IncRNA), which enhances HaCaT proliferation and migration and effectively
inhibit their apoptosis by reversing NLRP3 inflammasome activation.''" Exosomes derived from endothelial progenitor
cells (EPC-Exos) promote HaCaT proliferation and migration and inhibit their apoptosis by increasing miRNA-182-5p
expression.''? Platelet-rich plasma-derived exosomes (PRP-Exos) prevent ROS-dependent apoptosis under high glucose
conditions by activating the PDGF-BB/JAK2/STAT3/Bcl-2 signaling pathway,''* a mechanism crucial for protecting the
survival of wound healing-related cells, such as fibroblasts. CircRps5 carried by ADSC-Exos promotes macrophage
polarization towards the anti-inflammatory M2 phenotype by regulating miRNA-124-3p, further accelerating the

proliferation and migration of wound healing-related cells.'*®

Regulation of the Extracellular Matrix by Exosomes
The ECM, composed of macromolecules such as collagen, elastin, proteoglycans, and glycosaminoglycans, forms
a complex network structure surrounding cells. In diabetic patients, regulating the expression of ECM-related proteins
is important for promoting wound healing. Recent studies indicate that metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) within exosomes derived from HaCaT cells promotes collagen deposition and extracellular
matrix (ECM) remodeling, which are crucial for skin wound healing.''® Furthermore, HucMSC-Exos also have the
ability to promote collagen deposition, indicating their potential application in promoting tissue repair and
regeneration.'® ADSC-Exos are rich in matrix metalloproteinases MMP1 and MMP3, as well as type I and III collagen,
the expression of these molecules promotes skin re-epithelialization.'”” Exosomes from dermal fibroblasts promote skin
re-epithelialization and collagen deposition by activating the Akt/B-catenin signaling pathway, further emphasizing the
role of exosomes in promoting diabetic wound healing.''® Serum-derived exosomes highly express ECM proteins such as
PCNA, Ki67, collagen a, and fibronectin, accelerating wound healing in diabetic mice by promoting the migration of
mouse embryonic fibroblasts (NIH/3T3).%®

These researches demonstrate that natural exosomes can promote chronic wound healing from multiple aspects,
showing great clinical application potential in the treatment of diabetic-related chronic non-healing wounds.
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Enhanced Diabetic Wound Healing by Exosomes from Pretreated Parental
Cells

While natural exosomes offer several advantages in treating diabetic wound healing, challenges remain regarding their
stability, targeting specificity, and widespread clinical applicability. To address these limitations, researchers are explor-
ing various strategies to enhance the therapeutic potential of exosomes. The composition, content, and bioactivity of
exosomes are closely related to the physiological state and microenvironment of their parental cells, suggesting that
modulating parental cell status can optimize exosome function. For example, altering the culture conditions of parental
cells or using genetic engineering to enhance the expression of certain beneficial components within exosomes can
improve therapeutic outcomes. Accordingly, researchers employ parental cell pretreatment methods to enhance the
function of secreted exosomes. These pretreatment methods include pharmacological pretreatment, physical factor
intervention, and biological factor intervention. Exosomes secreted by pretreated parental cells can more precisely
meet the specific requirements of diabetic wound healing, improving therapeutic efficacy.

Pharmacological Intervention

Direct drug administration during chronic wound healing may induce side effects, toxic reactions, and allergic reactions,
thereby possibly impeding therapeutic efficacy and patient recovery. Therefore, using exosomes derived from pharma-
cologically pretreated parental cells to treat chronic wounds represents an effective strategy to avoid these adverse
reactions and enhance therapeutic outcomes. Pharmacological pretreatment often involves treating parental cells with
anti-inflammatory or pro-angiogenic drugs to optimize the secreted exosomes, making them more effective in promoting
wound healing. For example, exosomes derived from BMSCs pretreated with atorvastatin (ATV) show significant effects
on promoting full-thickness skin defect regeneration in streptozotocin (STZ)-induced diabetic rats. These AT V-pretreated
exosomes (ATV-Exos) enhance endothelial cell proliferation, migration, and angiogenesis and increase VEGF levels by
upregulating miRNA-221-3p and activating the AKT/eNOS signaling pathway, thereby promoting diabetic skin defect
healing.''® In another study, BMSCs pretreated with pioglitazone (PGZ-Exos) accelerated diabetic wound healing by
activating the PI3K/AKT/eNOS pathway, promoting collagen deposition, ECM remodeling, and VEGF and CD31
expression.'!” Astragaloside IV (ASIV) treatment not only enhances EPC function (eg, proliferation) but also increases
exosome secretion. Exosomes secreted by ASIV-pretreated EPCs (ASIV-Exos), by activating the PI3K/AKT/mTOR
pathway, significantly improve the chronic wound healing rate, collagen deposition area, bromodeoxyuridine uptake, and

VEGF expression in diabetic rats, while also increasing the number of CD31- and a-SMA-positive cells.'?°

Physical Factor Intervention

Physical factor interventions, such as hypoxia or mechanical stress, are also used to promote the expression of beneficial
factors in exosomes. Low-intensity pulsed ultrasound (LIPUS) is a technique that delivers specific physical energy using
low-intensity (less than 3 W/cm?) pulsed waves. When LIPUS is used to apply local mechanical stimulation to cells, it
can significantly promote intracellular signal transduction, enhancing cell proliferation and increasing exosome

141 while also accelerating the uptake efficiency of exosomes by recipient cells.*” HucMSCs exposed to blue

secretion,
light produce exosomes rich in eNOS. In vitro experiments show that these HucMSC-derived exosomes (HucMSC-Exos
/eNOS) significantly improved the biological function of endothelial cells treated with high glucose, reduce inflammatory
cytokine expression and cell apoptosis. In vivo studies demonstrated that these exosomes significantly accelerated wound
healing in diabetic mice. This acceleration was associated with enhanced neovascularization and matrix remodeling,
concurrent with an improved inflammatory profile at the wound site. These exosomes also modulated the local immune
microenvironment, thereby promoting tissue repair.'*> Under hypoxic conditions, ADSC-derived exosomes promote
diabetic wound healing and attenuate inflammatory responses via modulation of the PI3K/AKT signaling pathway.'*®
ADSC-Exos also inhibit high glucose-induced endothelial cell damage by delivering circ-Snhgll and induce M2
macrophage polarization through the miRNA-144-3p/HIF-1a axis.'?’ Furthermore, ADSC-Exos enriched with circ-
Erbb2ip promote angiogenesis and reduce ROS and inflammatory cytokine expression by targeting the miRNA-670-

5p/Nrfl pathway, thereby promoting wound healing.'*® BMSCs cultured under hypoxic conditions secrete exosomes rich
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in miRNA-4645-5p, which accelerates diabetic wound healing by promoting keratinocyte proliferation and migration
through activation of the MAPK-AKT-mTORC] signaling axis."'® HUVECs cultured under hypoxic conditions produce
exosomes with high expression of IncHAR1B, which interacts with the transcription factor BHLHE23/KLF4 axis to
promote endothelial cell function recovery and promote the M1-to-M2 transition of macrophages under high glucose
conditions.'?® These research findings demonstrate the potential of physical factor intervention in promoting exosome
function for the treatment of diabetic wounds.

Biological Factor Intervention

Biological factors, such as the addition of cytokines and growth factors, can activate or enhance specific signaling
pathways, thereby optimizing the content of proteins or miRNAs within exosomes. This method is particularly effective
in enhancing the therapeutic efficacy of exosomes in specific diseases, especially in promoting skin wound healing. For
example, IL-1p, IL-6, interferon-y (IFN-y), and TNF-a have been shown to effectively enhance exosome function.'3%!42
Exosomes derived from TNF-a-pretreated dental pulp mesenchymal stem cells have been shown to promote macrophage
polarization towards the M2 phenotype, a process that plays a crucial role in resolving inflammation and accelerating
wound healing.'** BMSC-secreted exosomes pretreated with IFN-y are enriched in miR-126-3p, which significantly
enhances wound healing in diabetic mice. This effect is mediated by the promotion of HUVEC proliferation, migration,
and angiogenesis through the SPRED1/Ras/Erk signaling pathway.''® Similarly, exosomes derived from HucMSCs
pretreated with lipopolysaccharide (LPS) promote M2 macrophage activation and alleviate inflammatory responses,
promoting diabetic skin wound healing by upregulating the expression of anti-inflammatory cytokines through high
expression of let-7b.'?* After application of the Wnt signaling pathway agonist CHIR99021, the yield of HucMSC-
derived exosomes (CHIR-Exos) increased 1.5-fold. In vitro experiments demonstrated that these exosomes promote cell
migration, inhibit apoptosis, and alleviate cell cycle arrest, thereby effectively facilitating wound healing. In vivo studies
further revealed that CHIR-Exos significantly accelerate wound healing in diabetic mice by enhancing local collagen
deposition, promoting angiogenesis, and reducing chronic inflammation.'** Exosomes produced by HucMSCs pretreated
with Nocardia rubra cell wall skeleton (Nr-CWS-Exos) promoted endothelial cell proliferation, migration, and
angiogenesis.'?® Furthermore, in vitro and in vivo studies observed that exosomes produced by parathyroid hormone-
related peptide (PTHrP-2)-stimulated endothelial cells promote fibroblast and epithelial cell viability.'*! Exosomes
secreted by melatonin (MT)-pretreated BMSCs (MT-Exos) promote M2 macrophage polarization and inhibit M1
macrophage polarization by activating the PTEN/AKT signaling pathway, reducing inflammatory responses and thereby
promoting diabetic wound healing.®®

Enhanced Diabetic Wound Healing by Engineered Exosomes

Engineered exosomes can be primarily classified into two categories: endogenous modification and exogenous
modification.'***'** These two techniques have their own unique methods and applications, making exosomes an efficient
molecular delivery system. Endogenous modification involves bioengineering the parental cells that produce exosomes,
enabling these cells to secrete engineered exosomes containing specific target molecules. The advantage of this method is
that it can directly influence the exosome production process, ensuring that these target molecules are effectively
packaged into exosomes by introducing specific RNA or proteins. Endogenous modification not only improves the
encapsulation efficiency of molecules but also enhances the targeting specificity and therapeutic potential of exosomes.
Exogenous modification encompasses the process of loading therapeutic molecules into purified exosomes following
isolation. This approach utilizes various techniques, including co-incubation, sonication, electroporation, liposome
fusion, and chemical conjugation. A key advantage of exogenous modification lies in its capacity for precise control
over the exosome cargo without necessitating alterations to the parental cells. This enables flexible adjustment of the
types and quantities of molecules encapsulated within the exosomes. Both approaches possess distinct advantages and are
suitable for specific applications. Endogenous modification is suitable for situations requiring long-term or continuous
secretion of specific molecules, while exogenous modification is beneficial for rapid and precise adjustment of exosome
cargo.
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Endogenous Modification of Exosomes

This approach utilizes the cell’s own production mechanisms to load and secrete molecules with specific therapeutic
functions. For example, in a study by Xue Li et al, Nrf2 was overexpressed in adipose-derived stem cells (ADSCs).
Subsequently, exosomes secreted by these genetically modified ADSCs were isolated and their therapeutic efficacy was
compared to that of exosomes derived from wild-type ADSCs. The results demonstrated that the engineered exosomes
exhibited enhanced efficacy in promoting granulation tissue formation and angiogenesis, increasing the expression levels
of growth factors, and concurrently mitigating inflammation and oxidative stress.'*! Bomin Cheng et al overexpressed
the HMOX1 gene in bone marrow mesenchymal stem cells and extracted exosomes rich in heme oxygenase-1 (HO-1)
(Exos-HMOXT1). Experiments showed that compared with ordinary exosomes, Exos-HMOX1 significantly enhanced the
proliferation and migration of fibroblasts and keratinocytes, as well as the angiogenic capacity of HUVECs. Injection of
Exo0s-HMOX1 into a diabetic mouse wound model resulted in faster re-epithelialization, collagen deposition, angiogen-
esis, and wound closure compared with the control group.'** Furthermore, exosomes produced by adipose mesenchymal
stem cells overexpressing circ-Astnl can enhance wound healing in diabetic mouse models through the miRNA-138-5p/
SIRT1/FOXO!1 axis indicating that exosomes can influence complex cell signaling pathways and improve therapeutic
efficacy through regulation by specific molecular axes.'®* Another study has demonstrated that exosomes derived from
rat adipose stem cells with overexpressed interferon regulatory factor 1 (IRF1) can effectively promote wound healing in
diabetic rats. This therapeutic effect is mediated by the regulation of the miRNA-16-5p/SP5 axis.'** These studies

demonstrate the application potential of endogenously modified exosomes in precision medicine.

Exogenous Modification of Exosomes

Researchers have developed various methods to directly encapsulate specific therapeutic molecules into already purified
exosomes, thereby enhancing their therapeutic effects. By encapsulating miRNA-31-5p into milk exosomes using
electroporation, the modified exosomes improved endothelial cell function and promoted angiogenesis. In vivo experi-
ments further demonstrated that they accelerated wound healing in a diabetic mouse wound model.'** Xiang et al used
sonication to load siRNA-Keapl (siKeapl) into M-Exos. In vivo experiments showed that M-Exos-siKeapl could
promote HUVEC proliferation, migration and alleviate oxidative stress. In a mouse diabetic wound model, injection
of M-Exos-siKeap] significantly accelerated wound healing and enhanced collagen and neovascularization.'® Another
study showed that using electroporation to load miRNA-146a-5p into BMSC-Exos (Exos-miRNA-146a) resulted in
Exos-miRNA-146a not only promoting M2 macrophage polarization but also enhancing HUVEC proliferation, migra-
tion, and angiogenesis by regulating TRAF6 expression, improving refractory diabetic wound healing.?® In a diabetic rat
model, exosomes derived from adipose stem cells and loaded with hyaluronic acid (HA+Exos) demonstrated the capacity
to upregulate the expression of TGF-f and VEGF while simultaneously downregulating the expression of TNF-a and IL-
1B and attenuating neutrophil infiltration. These findings collectively suggest the potential of HA+Exos in attenuating
inflammation and promoting the healing of diabetic wounds.®' These studies indicate that exogenously modified
exosomes enhance their efficiency in disease treatment by precisely loading specific therapeutic molecules.

Enhanced Diabetic Wound Healing by Combining Exosomes with Materials
In recent years, with advances in biomedical engineering and materials science, the application of biomaterials in disease
treatment has garnered increasing attention. These biomaterials, whether synthetic or naturally derived, demonstrate
substantial potential in the treatment of chronic wounds.'*® Particularly, therapeutic strategies combining multifunctional
biomaterials with exosomes have shown remarkable efficacy in chronic wound management.'*’ This combination
leverages the unique properties of biomaterials, such as biocompatibility and plasticity, synergistically with the ther-
apeutic effects of exosomes, creating a therapeutic synergy. Biomaterials can create a favorable microenvironment for
exosomes, enhancing their in vivo stability. Additionally, biomaterials can efficiently deliver and retain exosomes at the
wound site, significantly improving therapeutic efficiency.'**"'*’ Therefore, combined therapies using biomaterials and

. . . 1
exosomes offer more effective treatment avenues for refractory diseases such as chronic wounds.'*°
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Combination of Exosomes with Hydrogels

The combination of exosomes and hydrogels holds considerable promise for treating chronic wounds, particularly those
associated with diabetes. Hydrogels, due to their non-toxicity, hemostatic, antibacterial, highly adhesive, and excellent
biocompatible properties, are widely used in the medical field. Combining these properties with the bioactivity of
exosomes can address issues such as exosome degradation, poor flowability, and difficulty in accumulating at specific
locations.'**!31:152 For example, encapsulating umbilical cord blood-derived exosomes (UCB-Exos) within hydrogels,
compared to using hydrogels alone, accelerates the healing process, promotes collagen deposition, and drives re-
epithelialization and neovascularization.'” Furthermore, combining M2-Exos with oxidized hyaluronic acid and mixing
with polyethylene glycolated silk fibroin forms a self-healing hydrogel that, in in vitro experiments, demonstrates the
ability to modulate cytokine levels, stimulate fibroblast and keratinocyte interaction and migration, and promote
angiogenesis and collagen deposition, thereby promoting epidermal regeneration.’® A sprayable alginate hydrogel
(SA) dressing combined with oxygen-generating microspheres and BMSC-Exos has shown efficacy in promoting local
oxygen generation, inducing M2 macrophage polarization, and promoting cell proliferation in diabetic wounds.®®
Combining ADSC-Exos with a hydrogel composed of Pluronic F127 (PF127), oxidized hyaluronic acid (OHA), and
an antimicrobial peptide (EPL) (FHE hydrogel) significantly improved wound closure rate, angiogenesis rate, re-
epithelialization, and collagen deposition at the wound site in in vivo experiments, demonstrating healing effects
unattainable with exosomes or FHE hydrogel alone.** In a diabetic rat model, combined treatment with
PF127 hydrogel and HucMSC-exos was more effective than using either hydrogel or exosomes alone. The combined
therapy increased the expression of CD31 and Ki67, enhanced granulation tissue regeneration, and upregulated VEGF
and TGFpB-1 expression, thereby effectively promoting wound healing.** Embedding hypoxia-pretreated ADSC-Exos in
methacrylated gelatin (GeIMA) and applying them to diabetic mouse wounds also significantly improved wound closure
rates.'*> These studies indicate that optimizing the exosomal microenvironment through hydrogels can further enhance
their therapeutic effects.

Combination of Exosomes with Nanofibers

Nanofiber technology, characterized by its diminutive fiber diameter, substantial surface area closely resembling the
natural tissue extracellular matrix (ECM), and inherent capacity for facilitating oxygen and nutrient exchange, is widely
regarded as a promising candidate for ideal wound dressing materials.">® These properties enable nanofibers to
effectively load and stably release biomolecules, enhancing their application potential in wound treatment. Co-
assembly of solvent-induced nanofibers with e-poly-L-lysine nanoparticles (nSF-EPL) enables the fabrication of novel
multifunctional composite nanoparticles. These composite nanoparticles were successfully employed to co-deliver
polydeoxyribonucleotide (PDRN) and HucMSC-Exos. In vivo studies in diabetic wounds showed that these composite
nanoparticles exhibit anti-inflammatory and pro-angiogenic capabilities and promote granulation tissue formation,
collagen deposition, and wound tissue epithelialization, thus accelerating the skin healing process.®> Another study
reported that fixing bovine milk-derived exosomes (M-Exos) on a polydopamine (PDA)-coated hyaluronic acid (HA)-
based electrospun nanofiber matrix (M-Exos@PMAT) enhanced cell proliferation and accelerated wound closure, further
confirming the effectiveness of nanofibers in promoting wound healing.'** These applications of nanofibers demonstrate
their unique advantages in loading and delivering bioactive molecules such as exosomes.

Combination of Exosomes with Other Materials

The combination of exosomes with other materials has also opened new possibilities for wound treatment, especially in
the application of complex diabetic-related wounds. These innovative combinations not only improve exosome delivery
efficiency but also enhance therapeutic effects. The OxOBand, a dressing composed of antioxidant polyurethane (PUAO)
with sustained oxygen release properties, has been shown to significantly enhance the migration of human keratinocytes
and fibroblasts when loaded with ADSC-Exos, thereby promoting wound closure, collagen deposition, re-
epithelialization, neovascularization, and reducing oxidative stress, effects that collectively promote diabetic wound
healing."**'>* The combined use of HUVEC-derived exosomes and methacrylated gelatin microneedle patches acceler-
ated wound healing in diabetic mouse models by promoting collagen deposition, epithelial regeneration, and
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angiogenesis.'>” The use of this microneedle technology not only provides a stable carrier for exosomes but also more
effectively delivers exosomes directly to the deeper layers of the wound through the penetration of the microneedles.
Encapsulation of M2-Exos within a bilayer microneedle wound dressing system demonstrates the potential to effectively
modulate macrophage polarization, attenuate chronic inflammatory responses, and stimulate angiogenesis, thereby
accelerating the healing process in diabetic wounds.'*> Multifunctional polysaccharide dressings combined with adipose
matrix cell-derived exosomes also show potential for promoting angiogenesis and diabetic wound healing.'** The design
of this dressing utilizes the natural moisturizing and biocompatible properties of polysaccharides, providing an ideal
microenvironment for exosomes. In another study, ADSC-Exos were loaded onto bioengineered microporous three-
dimensional amniotic membrane scaffolds (AMS). In vivo experimental results showed that this combination upregulated
the gene expression of repair- and regeneration-related factors such as TGF-B, bFGF, and VEGF, while reducing the
expression of TNF-a and IL-1P and the number of neutrophils, M1 macrophages, and mast cells, thereby effectively
inhibiting inflammatory responses.®” This method not only increased the local concentration of exosomes but also
leveraged the three-dimensional structural advantages of AMS, enhancing the interaction between cells and exosomes,
further promoting wound repair and regeneration.

Challenges and Future Directions in Exosome-Based Therapeutics

Exosomes hold substantial promise as therapeutic agents for diabetic wound healing due to their multifaceted biological
functions. However, the successful clinical translation of exosome-based therapies remains constrained by a number of
technical, biological, and regulatory challenges. Overcoming these limitations is essential for the development of safe,
effective, and scalable therapeutic strategies.

One of the primary bottlenecks is the low yield of exosomes from standard cell culture systems, which renders large-
scale production both economically and technically challenging.'*®'*” Laboratory-scale isolation techniques—such as
ultracentrifugation, size-exclusion chromatography and immunoaffinity capture—are labor-intensive, low-throughput,
and often yield heterogeneous vesicle populations. To address this, future research must prioritize the optimization of
scalable production systems. Approaches such as high-density bioreactors, stimulus-responsive culture environments,
and three-dimensional culture models offer promising avenues for improving exosome output. Concurrently, advances in
microfluidic isolation platforms and automated purification technologies may increase processing efficiency while
reducing batch variability and cost.'** 1%

Another further challenge lies in the intrinsic heterogeneity of exosomes, which varies depending on the source cell
type, culture conditions, and purification methodology. This variability affects not only therapeutic consistency but also
complicates regulatory assessment and standardization. Establishing robust and standardized quality control protocols is
imperative. These should include quantification of vesicle concentration and size distribution, profiling of surface
markers (eg, CD9, CD63, CD81), and assessment of bioactive cargo such as miRNAs and proteins. Ensuring batch-to-
batch reproducibility is a prerequisite for clinical reliability and regulatory compliance.

Exosomes are biologically labile particles, and their storage stability remains a major technical concern. Repeated
freeze-thaw cycles and improper storage conditions may compromise membrane integrity and functional cargo, thereby
reducing therapeutic efficacy.'®'"'®* There is currently no universal consensus on optimal long-term storage protocols.
Ongoing efforts to develop standardized cryopreservation techniques, lyophilization protocols, and stabilizing excipients
are needed to maintain exosome bioactivity over extended periods, especially under Good Manufacturing Practice (GMP)
conditions.

Another critical hurdle is the efficient and sustained delivery of exosomes to target tissues. In the context of wound
healing, simple topical application or systemic administration can lead to rapid clearance, insufficient retention at the
wound site, and off-target distribution.'®® Integration of exosomes with biomaterial-based delivery systems, such as
hydrogels, nanofibers or other materials has demonstrated improved localization, protection from degradation, and
sustained therapeutic release in preclinical models. These platforms offer a compelling strategy for enhancing exosome
stability and efficacy in vivo. However, biomaterial-exosome systems also face translational challenges, including
degradation by protease-rich wound exudates (eg, MMP-9), shear stress-induced leakage, and batch-to-batch variability
in release kinetics.**'®* For example, while hydrogels such as GeI]MA have been shown to retain over 80% of
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encapsulated exosomes at 72 hours, enzymatic activity and physiological forces can still lead to premature release.'>*
Additionally, the multi-step manufacturing processes required—encompassing exosome isolation, cargo loading, and
biomaterial functionalization—significantly increase complexity and cost. Scaling these approaches under GMP condi-
tions remains logistically demanding and financially prohibitive when compared to conventional therapies. Furthermore,
temperature sensitivity, short shelf-life, and quality control inconsistencies in functionalized dressings present substantial
barriers to commercialization.

While natural exosomes are widely regarded for their low immunogenicity and biocompatibility—key advantages
in therapeutic contexts—the advent of engineered exosomes introduces a new spectrum of safety considerations. Both
endogenous and exogenous modification strategies, aimed at enhancing therapeutic specificity or potency, can inad-
vertently alter the immunological profile of exosomes and increase the risk of adverse immune reactions. These
modifications may transform otherwise inert biological vesicles into immunologically active agents, thereby compli-
cating their clinical translation. Endogenous engineering, which involves genetically modifying parent cells to over-
express therapeutic proteins or signaling molecules (eg, Nrf2, HMOXI1, or IRF1), can result in the presentation of
neoantigens or non-self epitopes on the exosome surface.'*''*> Such alterations may trigger immune responses
through T-cell activation or neutralizing antibody production, undermining both therapeutic safety and efficacy.
Furthermore, the long-term immunological consequences of administering genetically modified vesicles remain largely
unknown and warrant thorough investigation. Similarly, exogenous loading techniques—including electroporation,
sonication, and surfactant treatment—used to incorporate therapeutic cargos such as siRNA-Keapl or miRNA-146a-5p
can damage the exosomal membrane.'®*® This disruption may expose damage-associated molecular patterns
(DAMPs), activating innate immune responses through Toll-like receptor (TLR) signaling pathways.'®> Additionally,
the cargo itself, particularly synthetic nucleic acids, may exhibit intrinsic immunogenicity. Surface modification
strategies, such as hyaluronic acid conjugation, may also introduce new antigenic determinants, further increasing
the potential for immune activation.

These safety concerns place engineered exosomes under intense regulatory scrutiny, often leading to their classifica-
tion as advanced therapy medicinal products or combination products. This designation requires extensive preclinical
toxicology, pharmacokinetics, and biodistribution studies, as well as validated assays to assess immunogenicity and
ensure lot-to-lot consistency. Developing these regulatory frameworks and manufacturing pipelines represents
a formidable challenge for industry stakeholders. Therefore, while engineering approaches unlock powerful opportunities
for targeted and enhanced exosome therapeutics, they must be pursued with equally rigorous attention to safety,
regulatory compliance, and manufacturing feasibility.

Although exosomes hold immense therapeutic potential, their clinical translation is contingent upon surmounting
interconnected challenges in manufacturing, standardization, delivery, and safety. The field is now progressing from
preclinical investigations into early-stage human trials, with an expanding cohort of Phase 1 and 2 studies evaluating
the safety and efficacy of topically applied exosomes for chronic wounds, including diabetic foot ulcers (Table 3).
The initiation of these trials represents a critical validation step for this therapeutic modality. While definitive
outcomes are pending, the study designs incorporate innovative strategies, such as combination therapies and
rigorous dose-escalation protocols. Nevertheless, for successful clinical translation, future efforts must focus on
conducting larger, multicenter randomized controlled trials with standardized endpoints to definitively establish
therapeutic efficacy.

Table 3 Clinical Trials of Exosome-Based Therapies for Wound Healing

Trial ID Country | Phase | Status Exosome Source | Sample Size | Primary Outcome
ChiCTR2300075136 China | Not Recruiting | Stem cells 20 Wound healing time
NCTO05475418 China N/A Not Recruiting | Adipose 5 Wound healing rate at 4 weeks
JPRN-UMINO000019885 | Japan | Recruiting Plasma 5 Ulcer size

NCT02565264 Japan | Recruiting Plasma 5 Ulcer size and pain score
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Conclusion and Perspectives

Exosomes have introduced innovative approaches to diabetic wound treatment; their multifaceted roles in promoting
wound healing have garnered significant attention. Exosomes demonstrate therapeutic potential in diabetes-related wound
healing by modulating key biological processes, including the attenuation of inflammatory responses, promotion of
angiogenesis, stimulation of cellular proliferation and migration, and enhancement of extracellular matrix deposition.
Engineering exosomes further unlocks their therapeutic potential, enabling more precise targeting of key genes and
promoting rapid wound closure. Moreover, combining exosomes with various materials enhances both their in vivo
stability and therapeutic efficiency. These optimization strategies significantly enhance the applicability of exosomes in
diabetic wound management.

However, despite their substantial therapeutic potential, the practical application of exosomes still faces several
technical and production challenges. Future research should focus on optimizing exosome production processes and
quality control to ensure the reliability of exosome-based therapies.'>®!>° Establishing standardized exosome preparation
and evaluation procedures is also crucial for their clinical translation. With continued in-depth research on exosome
biology and their role in disease treatment, more effective exosome-based therapeutic strategies are expected to emerge
in the future, offering greater hope and treatment options for diabetic patients.
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