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Abstract: Diabetic wounds represent a significant clinical and economic challenge owing to their chronicity and susceptibility to
complications. Dysregulated macrophage function is a key factor in delayed wound healing. Recent studies have emphasized the
therapeutic potential of macrophage-derived extracellular vesicles (MDEVs), which are enriched with bioactive molecules such as
proteins, lipids, and nucleic acids that mirror the state of their parent cells. MDEVs influence immune modulation, angiogenesis,
extracellular matrix remodeling, and intercellular communication. In this review, we summarize and discuss the biological properties
and therapeutic mechanisms of MDEVs in diabetic wound healing, highlighting strategies to enhance their efficacy through
bioengineering and advanced delivery systems. We also explore the integration of MDEVs into innovative wound care technologies.
Addressing current limitations and advancing clinical translation of MDEVs could advance diabetic wound management, offering
a precise, effective, and versatile therapeutic option.
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Introduction

Diabetic wounds represent a global clinical and economic challenge, characterized by prolonged healing durations, an
increased risk of infection, and severe complications, including limb amputation." These chronic wounds impose
a significant burden on healthcare systems due to frequent hospitalizations, the need for advanced wound care therapies,
and extensive long-term patient management.” Effective therapeutic strategies to mitigate these issues are urgently
needed.

Macrophages, critical players in the immune response and tissue repair, exhibit remarkable plasticity, transitioning
between pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes during normal wound healing. This dynamic
balance is essential for coordinating inflammation resolution and promoting tissue regeneration.’* However, in diabetic
conditions, this phenotypic switch is impaired, with macrophages often locked in a chronic pro-inflammatory state. This
dysfunction contributes to sustained inflammation and delayed wound healing, emphasizing the potential of targeting
macrophage polarization as a therapeutic strategy to restore effective wound repair. Advances in understanding the molecular
pathways governing macrophage polarization have provided insights into potential therapeutic interventions.>”’ Additionally,
the use of extracellular vesicles, particularly macrophage-derived extracellular vesicles (MDEVs), has emerged as a novel
approach to deliver pro-reparative signals directly to the wound site.

Extracellular vesicles (EVs) have been demonstrated significant in mediating intercellular communication, involved
in a broad spectrum of physiological and pathological processes.®” Classified into subtypes such as exosomes and
microvesicles based on their size and biogenesis, EVs serve as carriers of bioactive molecules, including proteins, lipids,
and nucleic acids. Through the delivery of these molecules to recipient cells, EVs modulate cellular functions and play
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critical roles in maintaining tissue homeostasis and responding to injury.'” MDEVs are an especially complicated subset
of EVs, reflecting the functional state of their parent macrophages and capable of modulating the wound
microenvironment.'' "> MDEVs carry a diverse cargo that can influence key processes in wound healing, including
immune modulation, angiogenesis, and extracellular matrix remodeling.

In this review, we offer an examination of the biological characteristics of MDEVs and their significant roles in tissue
repair, with a particular focus on their application in diabetic wound healing. We explore the molecular and cellular
mechanisms through which MDEVs modulate key processes such as immune regulation, angiogenesis, extracellular
matrix remodeling, and cellular communication, all of which are essential for effective wound repair. Furthermore, we
summarize the latest developments in bioengineering strategies designed to enhance the therapeutic potential of MDEVs.
Emerging technologies such as hydrogel-based delivery systems and nano-carriers are examined for their ability to

optimize the localized application of MDEVs, thereby maximizing therapeutic outcomes.'*!”

Macrophage Polarization in Diabetic Wounds

Macrophages play a central role in orchestrating the wound-healing process, primarily through their ability to adopt
distinct functional states, commonly categorized as M1 and M2 phenotypes.'> In the early stages of normal wound
healing, macrophages polarize towards the M1 phenotype, which is characterized by a pro-inflammatory profile. This
state is crucial for pathogen clearance, removal of necrotic tissue, and the initiation of inflammatory responses. As the
healing process progresses, a phenotypic switch occurs, with macrophages transitioning to the M2 phenotype.'®!” M2
macrophages are associated with anti-inflammatory and reparative functions, promoting angiogenesis, extracellular
matrix (ECM) remodeling, and tissue regeneration. This dynamic and tightly regulated transition between M1 and M2
states is essential for effective and timely wound closure.

In diabetic wounds, the delicate balance of macrophage polarization is significantly disrupted due to the chronic
hyperglycemic and inflammatory conditions inherent to the diabetic microenvironment. Macrophages in diabetic wounds
are frequently switched towards a prolonged M1 phenotype, resulting in sustained inflammation and an impaired
transition to the M2 reparative state. This imbalance leads to delayed wound healing, inadequate granulation tissue
formation, and an increased susceptibility to infections, which are hallmarks of diabetic wound pathology.'®'® EVs
derived from macrophages offer a unique perspective into the functional state of these immune cells and their role in
wound healing. These vesicles encapsulate a diverse array of bioactive molecules—proteins, lipids, and nucleic acids—
that reflect the phenotype of their parent macrophages.*

The dual role of MDEVs in both influencing the wound microenvironment and serving as biomarkers of macrophage
function emphasizes their potential as therapeutic agents and diagnostic tools. MDEVs can modulate the wound-healing
process by either perpetuating inflammation or fostering repair, depending on their origin and cargo. Consequently,
understanding the specific contributions of M1- and M2-derived EVs is critical for developing targeted therapies aimed at
correcting the imbalance in macrophage polarization observed in diabetic wounds. This approach could pave the way for
precision medicine strategies that leverage MDEVs to restore a balanced inflammatory response and promote effective
tissue repair in chronic wounds.

Biological Characteristics of MDEVs
MDEVs are small, membrane-bound particles released through cellular vesicle formation processes. These vesicles play
essential roles in cell-to-cell communication and are critical mediators of immune responses, tissue remodeling, and
wound healing.?’ MDEV biogenesis begins with the inward budding of the endosomal membrane, forming multi-
vesicular bodies (MVBs). These MVBs subsequently fuse with the plasma membrane, releasing exosomes into the
extracellular space. In addition to exosomes, MDEVs can also originate as microvesicles, which are directly shed from
the macrophage surface through outward membrane budding.*

The molecular composition of MDEVs is highly diverse and reflects the functional state of the parent macrophage.
This includes a broad spectrum of bioactive molecules such as lipids, proteins, RNAs, and microRNAs (miRNAs), which
collectively enable MDEVs to serve as potent signaling entities.”’ These vesicles are involved in various cellular
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Figure | Macrophage Polarization and Small EVs Formation. (A) Macrophages (Mgs) can be classified into two major subtypes, M| and M2, based on their responses to distinct
environmental signals. M| Mos are typically activated by IFN-y or LPS, leading to the production of proinflammatory cytokines like TNF-q, IL-1p, IL-6, IL-12, and IL-23, which
amplify inflammatory and cytotoxic reactions. In contrast, M2 Mgs, stimulated by IL-4 or IL-10, secrete small EVs that not only dampen proinflammatory responses but also
enhance anti-inflammatory factors like IL- 10 and TGF-B, contributing to the resolution of inflammation and tissue repair. (B) The process of small EVs biogenesis begins with the
invagination of the macrophage plasma membrane, forming endocytic vesicles. These vesicles then merge to create early sorting endosomes, which mature into late sorting
endosomes, or multivesicular bodies. Subsequently, multivesicular bodies fuse with the plasma membrane, releasing their cargo as small EVs into the extracellular milieu.
Reproduced from Ye J, Liu X. Macrophage-derived small extracellular vesicles in multiple diseases: biogenesis, function, and therapeutic applications. Front Cell Dev Biol.
2022;10:913110. Copyright © 2022 Ye and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY).

processes, such as inflammation, angiogenesis, and tissue regeneration, making them crucial players in the wound-
healing process (Figure 1).

Surface markers typical of extracellular vesicles, such as CD9, CD63, and CD§1, are present on MDEVs. However,
they also carry macrophage-specific proteins that provide insights into their origin and functional status.”* For example,
pro-inflammatory MDEVs derived from M1 macrophages are enriched with cytokines and enzymes like tumor necrosis
factor-alpha (TNF-a) and inducible nitric oxide synthase (iNOS). These vesicles are primarily involved in promoting
inflammation and host defense.”® Conversely, MDEVs derived from anti-inflammatory M2 macrophages are character-
ized by an abundance of anti-inflammatory cytokines and growth factors, including vascular endothelial growth factor
(VEGF) and TGF-pB, which contribute to tissue repair and resolution of inflammation.?® The distinct cargo composition of
M1- and M2-MDEVs suggests their potential for modulated therapeutic applications, where M1-derived vesicles could
serve antimicrobial and immunostimulatory roles, whereas M2-MDEVs hold promise for accelerating wound healing.
However, the challenge remains in optimizing their therapeutic balance to achieve a controlled immune response that
supports effective tissue regeneration.

In addition to proteins, MDEVs are rich in regulatory RNAs, including miRNAs, which play pivotal roles in
modulating gene expression within recipient cells. Specific miRNAs such as miR-21 and miR-223 have been shown
to influence key aspects of the wound-healing process, including inflammation, angiogenesis, and tissue
regeneration.”’*® By delivering these regulatory molecules, MDEVs facilitate intercellular communication, directing
the behavior of target cells in the wound microenvironment. This highlights their potential as therapeutic tools for
modulating pathological processes, such as chronic wound healing in conditions like diabetes.

The dynamic nature of MDEV cargo, which mirrors the functional plasticity of macrophages, suggests that these
vesicles may act as biomarkers for macrophage activation states and provide a means to manipulate immune responses in
a controlled manner.'**° Thus, MDEVs hold great promise not only as diagnostic markers but also as innovative

therapeutic agents capable of enhancing wound healing and tissue regeneration in clinical settings.
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Mechanisms of MDEVs in Diabetic Wound Healing

Immunomodaulation: Regulation of Inflammatory Pathways

MDEVs are crucial regulators of the inflammatory milieu in wound healing, particularly in the context of diabetic
wounds, where chronic and dysregulated inflammation presents a major barrier to tissue repair.'**> MDEVs contribute to
the resolution of inflammation by delivering a range of bioactive molecules, including anti-inflammatory cytokines,
signaling molecules, and miRNAs, to immune cells. These vesicles modulate macrophage polarization, promoting the
transition from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype, thus attenuating the
excessive activation of inflammatory pathways. Key inflammatory mediators such as tumor necrosis factor-alpha
(TNF-a) and interleukin-6 (IL-6) are downregulated by MDEVs, creating a more conducive environment for tissue
repair.**>! By restoring immune homeostasis, MDEVs play a pivotal role in overcoming the prolonged inflammatory
response that characterizes diabetic wound pathology. For instance, in a prior study, Xia et al demonstrated the critical
role of MDEVs of healthy lean mice (Exos™**") in promoting diabetic wound healing.** Exos™**" facilitate the transition
of macrophages from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype by delivering and
upregulating miR-222-3p, thereby reducing inflammation and accelerating wound repair. Inhibition of miR-222-3p
significantly impaired this effect, highlighting its essential role in macrophage polarization and tissue regeneration.
These findings offer a potential new MDEVs -based therapeutic strategy for the management of diabetic wounds
(Figure 2).

Angiogenesis: Promoting Vascularization Through Cargo Molecules

Angiogenesis is a fundamental process in wound healing, responsible for supplying regenerating tissues with the oxygen
and nutrients required for proper repair.>> MDEVs play a significant role in promoting angiogenesis, a process often
impaired in diabetic wounds due to endothelial dysfunction and reduced vascularization.”> These vesicles are enriched
with pro-angiogenic factors such as vascular endothelial growth factor (VEGF), as well as angiogenesis-related miRNAs,
including miR-126 and miR-210.>° These cargo molecules act on endothelial cells, stimulating their proliferation,
migration, and tube formation, which are essential steps in new blood vessel formation. The ability of MDEVs to
enhance vascularization is critical in diabetic wound healing, where insufficient blood supply contributes to delayed
tissue repair and increased risk of infection. For a recent example, Jiang et al highlighted the development of two-
dimensional carbide (MXene)-M2 macrophage exosome nanohybrids (FM-Exo) as a novel approach to enhance
angiogenesis and promote diabetic wound healing (Figure 3). FM-Exo effectively mitigated high-glucose-induced
immune suppression by sustaining the release of M2 macrophage-derived exosomes, which optimized macrophage
polarization and activated the PI3K/Akt signaling pathway.** This modulation led to increased fibroblast proliferation,
endothelial cell migration, and angiogenic activity. In a diabetic wound model, FM-Exo reduced inflammation, enhanced
VEGF-mediated angiogenesis, and improved collagen deposition, resulting in accelerated wound closure with minimal
scarring. These findings offer a promising biomaterial-based strategy to address impaired angiogenesis in diabetic
wounds.

ECM Remodeling and Fibroblast Activation: Enhancing Granulation Tissue Formation
The remodeling of the ECM and fibroblast activation are essential steps in the formation of granulation tissue, which
serves as the scaffold for new tissue in the healing process. MDEVs facilitate ECM remodeling by delivering matrix
metalloproteinases (MMPs) and their regulators, which are involved in the degradation of damaged ECM
components.”> Simultaneously, MDEVs support the synthesis of new ECM proteins, such as collagen, promoting
the reconstruction of the tissue matrix.>® Furthermore, MDEVs influence fibroblast behavior by transferring growth
factors and miRNAs that enhance fibroblast migration, proliferation, and secretion of ECM components.'> This
coordinated action ensures the proper formation of granulation tissue, which is crucial for wound contraction and
closure, particularly in the challenging environment of diabetic wounds, where ECM turnover is often impaired. For
instance, a recent study introduced a hydrogel system combining functionalized gold nanorods (AuNRs) and M2
macrophage-derived exosomes (M2-Exos) to enhance granulation tissue formation and promote diabetic wound
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Figure 2 (A) Representative TEM image of exosomes. (B) Size distribution of exosomes confirmed by NTA. (C) Western blot analysis demonstrating the presence
of exosomal markers HSP70, TSG10Il, and CD63 in both Exos and ExosLean. (D) MiR-222-3p levels in exosomes verified through qRT-PCR, with statistical
significance (*P <0.05, paired t-test, n=6). (E) Exosomes labeled with PKH26 were incubated with RAW264.7 macrophages. (F) Impact of an EV secretion
inhibitor on miR delivery via exosomes, analyzed using repeated-measures ANOVA (*P < 0.05, n = 6). LPS-stimulated RAW264.7 cells were treated with ExosLean,
ExosLean combined with a miR-222-3p inhibitor, or ExosLean plus a miR-NC inhibitor. (G) Flow cytometry analysis quantifying CD86+ cells (*P < 0.05, #P <0.05,
paired t-test, n = 3). (H) Flow cytometry analysis quantifying CD206+ cells (*P < 0.05, *P < 0.05, paired t-test, n=3). A-H Reproduced from Xia W, Liu Y, Jiang X,
et al. Lean adipose tissue macrophage derived exosome confers immunoregulation to improve wound healing in diabetes. | Nanobiotechnology. 2023;21:128.
Copyright © 2023, The Author(s).This article is licensed under a Creative Commons Attribution 4.0 International License.?
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glucose-derived immune inhibition. ACS Nano. 2024;18:4269-4286.3* Copyright 2024, American Chemical Society.

healing."” The hydrogel, with its unique ion-cross-linked and covalent network structure, offers antiswelling properties
and photothermal effects. M2-Exos released from the hydrogel were pivotal in reducing inflammation, promoting
angiogenesis, and enhancing granulation tissue formation. The AuNRs, activated by near-infrared (NIR) irradiation,
provided antibacterial activity, further supporting tissue regeneration (Figure 4). This integrated approach demonstrates
significant potential in accelerating chronic diabetic wound healing and improving tissue repair outcomes.

Crosstalk With Other Cell Types: Interactions With Keratinocytes, Endothelial Cells,
and Fibroblasts

MDEVs mediate complex crosstalk between the various cell types involved in wound healing, including keratinocytes,
endothelial cells, and fibroblasts. These vesicles promote keratinocyte migration and proliferation, accelerating the
process of re-epithelialization, which is crucial for covering the wound and restoring the integrity of the skin
barrier.>’*® MDEVs also interact with endothelial cells, enhancing angiogenesis by stimulating endothelial cell prolif-
eration and tube formation. In addition, MDEVs facilitate fibroblast activation, thereby promoting ECM deposition,
collagen synthesis, and wound contraction.®® In a prior study, Sharma et al demonstrated the significant role of
macrophage-derived exosomes (Exong) in keratinocyte interactions during wound healing, particularly through the
transfer of TOMM?70, a mitochondrial outer membrane protein.*’ EX0p,g, enriched with TOMM?70, localize in leading-
edge keratinocytes during early wound reepithelialization, compensating for hypoxia-induced depletion of TOMM70 and
restoring mitochondrial metabolism. This process supports glycolytic ATP production, crucial for keratinocyte migration.
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Figure 4 Schematic illustration of the hydrogel system integrating functionalized AuNRs and M2-Exos designed to enhance granulation tissue formation and facilitate
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Blocking exosomal uptake disrupts wound closure and sustains proinflammatory macrophages, highlighting the essential
bidirectional crosstalk between macrophages and keratinocytes (Figure 5). This mechanism is particularly relevant in
nonhealing diabetic foot ulcers, where keratinocyte TOMM?70 deficiency is observed.

Engineering Macrophage-Derived EVs for Enhanced Therapeutic Efficacy
Bioengineering Approaches to Modify EV Cargo

To enhance the therapeutic potential of MDEVs, various bioengineering strategies are being developed to modify their cargo
composition.** These techniques aim to mediate the molecular content of MDEV to address specific challenges in wound
healing, particularly in diabetic conditions where processes like angiogenesis, inflammation resolution, and ECM remodeling
are often impaired.*! One approach involves manipulating the parent macrophages to produce EVs enriched with specific
proteins, RNAs, or miRNAs that promote tissue repair. For example, transfection of macrophages with nucleic acids encoding
pro-healing factors—such as growth factors or anti-inflammatory cytokines—ensures that these beneficial molecules are
selectively packaged into the EVs.*! Similarly, the targeted loading of miRNAs that regulate inflammation, tissue regenera-
tion, or angiogenesis, can be achieved through genetic modification or chemical induction.**

Beyond genetic engineering, direct loading methods such as electroporation, sonication, or incubation with thera-
peutic molecules are employed to further enhance the functionality of MDEVs.* These techniques enable the efficient
encapsulation of drugs, peptides, or small RNAs that might otherwise be challenging to deliver. For example, electro-
poration facilitates the introduction of larger biomolecules into MDEVs by temporarily permeabilizing the vesicle
membrane, thereby increasing cargo uptake.**

Genetic engineering approaches ensure the secretion of EVs with enriched and physiologically relevant therapeutic
cargo. This method offers sustained and precise modulation of MDEV composition but poses challenges in terms of
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Figure 5 Bidirectional communication between wound-edge macrophages (WE m¢) and resident keratinocytes is essential for effective wound closure. (A) Design of a Krt|4-promoter-
driven tetraspanin plasmid linked via the IRES element to a ““don’t eat me” CD47 sequence, incorporating GFP and RFP reporters. (B) Confocal images illustrating coexpression of RFP (red)
and GFP (green) in murine keratinocytes. Scale bar, 20 um. (C) Flow cytometry of murine Exok captured on pan-CD magnetic beads, showing dual GFP and RFP positivity in “don’t eat me”
Exok-GFP-CD47-RFP. (D) Experimental setup schematic. (E) Digital images of excisional stented punch wounds (6 mm) at day 0 and day 12 post-wounding in C57BL/6 mice treated with
either TNTk-GFP or TNT«-GFP-CD47-RFP. (F) Wound area quantification via digital planimetry after treatment with TNTk-GFP or TNT«-GFP-CD47-RFP. Scale bar; 2 mm (n = 20). (G)
TEWL measurements in C57BL/6 mice at day 12 post-wounding following treatment with either TNTk-GFP or TNT«-GFP-CD47-RFP, with gray dots representing normal skin (n = 16). (H)
H&E staining of wounds in C57BL/6 mice at day |2 post-wounding, showing either TNT«-GFP or TNTk-GFP-CD47-RFP treatment. Scale bar, 1000 pum. Blue arrowheads indicate complete
reepithelialization; red arrowheads indicate the wound edge (WE). (I) Morphometric analysis of epithelial gap, wound length, and granulation tissue area in C57BL/6 mice at day |2 post-
wounding (n = 6). (J) Coimmunofluorescence staining of F4/80 (red) with iINOS (green) and DAPI in WE granulation tissue at day |12 post-wounding, following either TNTk-GFP or TNT«k-
GFP-CDA47-RFP treatment. (K and L) Quantification of F4/80 and iNOS intensity in VE tissue, with each dot representing a quantified ROI, and blue/red dots indicating the mean per mouse
(n = 4-5, with at least 5 ROI per mouse). (M) Heat map showing expression of proinflammatory markers COX2, MCP-1, and MIP-10.in WE granulation tissue at day |12 post-wounding in
C57BL/6 mice, following treatment with TNT«-GFP or TNTk-GFP-CD47-RFP. Data in panels (C, F;, G, |, K, and L) are presented as mean + SEM and analyzed using a two-tailed unpaired
Student’s t-test. Reproduced from Sharma A, Srivastava R, Gnyawali SC, et al. Mitochondrial bioenergetics of functional wound closure is dependent on macrophage-keratinocyte exosomal
crosstalk. ACS Nano. 2024;18:30405-30420. Copyright © 2024 The Authors. Published by American Chemical Society. This publication is licensed under CC-BY 40%
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safety, scalability, and regulatory approval. In contrast, direct cargo loading methods provide a flexible strategy for
incorporating small-molecule drugs, siRNAs, or proteins post-isolation. While this approach allows for rapid adaptation
to different therapeutic needs, it may compromise vesicle integrity and functional stability. The selection between these
strategies depends on the intended application: genetic modification is ideal for long-term, sustained therapeutic effects,
whereas direct loading enables customizable, short-term interventions.

Targeting Strategies for Specific Wound Sites

Efficient and targeted delivery of engineered MDEVs to the wound site is another critical factor in maximizing their
therapeutic efficacy. Because MDEVs possess the intrinsic ability to interact with a range of cell types, it is essential to
further refine their targeting mechanisms to ensure that their therapeutic cargo is delivered specifically to the site of
injury.* One approach is surface modification, which involves the decoration of MDEVs with ligands, peptides, or
antibodies that recognize specific receptors or markers expressed on the surface of damaged or inflamed tissues.*® For
example, peptides that bind to integrins or other adhesion molecules overexpressed in diabetic wounds can be used to
enhance the localization of MDEVs to the injury site.*>*” Similarly, antibodies targeting cell surface receptors such as
E-selectin, which are upregulated in endothelial cells during the inflammatory phase of wound healing, can direct
MDEVs specifically to the vascular endothelium at the wound site.*’

Another promising strategy is the functionalization of MDEVs with biomaterials, such as polysaccharides, lipids, or
synthetic polymers, that can improve vesicle stability, bioavailability, and retention at the target site.”****° By embed-
ding MDEVs into hydrogel-based delivery systems, sustained release of vesicles can be achieved, allowing for prolonged
therapeutic effects at the wound site. Hydrogel-based systems, for instance, can provide a 3D matrix that mimics the
extracellular environment of tissues, enhancing MDEYV adhesion, and promoting the gradual release of their therapeutic
cargo over time.’™>! These biomaterial-based delivery platforms can also offer additional advantages, such as improving
the mechanical properties of the wound site and aiding in tissue regeneration by providing a supportive scaffold for cell
migration and ECM deposition.

Moreover, the combination of MDEVs with advanced drug-delivery technologies, such as nanoparticles or micro-
needles, can further enhance their targeting precision and therapeutic efficiency.’*>* Such multi-modal approaches not
only improve the local concentration of MDEVs at the wound site but also allow for synergistic effects between different
therapeutic agents. The refinement of these targeting strategies, combined with the ability to engineer MDEVs with
tailored cargo, ensures that these vesicles can effectively address the specific needs of chronic diabetic wounds. By
concentrating the therapeutic payload at the site of injury and promoting sustained release, these engineered MDEVs hold
great promise for overcoming the limitations of traditional wound-healing therapies and improving outcomes in diabetic
patients.

Delivery Strategies for MDEVs
Current Challenges in EV Delivery: Stability, Targeting, and Dosage

The effective therapeutic application of MDEVs faces several critical challenges that should be addressed to fully exploit
their potential in clinical settings. A major obstacle is the stability of EVs in biological environments.’* Extracellular
vesicles are inherently fragile and susceptible to enzymatic degradation, aggregation, or loss of bioactivity once exposed
to bodily fluids, which significantly limits their therapeutic lifespan. Ensuring the preservation of EV structural integrity
during storage, handling, and delivery is therefore paramount to maintaining their efficacy. To overcome these stability
issues, strategies for improving the robustness of EVs, such as encapsulation in protective materials or the use of
stabilizing agents, are being explored.

Targeting efficiency also remains a critical concern.”> For MDEVs to exert their therapeutic effects in wound healing,
they should be efficiently delivered to the site of injury, while minimizing off-target interactions that could result in
undesired systemic effects. The biological barriers to EV delivery, such as the endothelial lining, extracellular matrix, and
immune clearance mechanisms, make the targeted delivery of MDEVs to diabetic wounds a complex challenge.’®>’
Surface modifications, such as functionalization with targeting ligands, peptides, or antibodies, can improve the
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Table | The Variations in MDEV Dosing Across Different Studies

Source Dosage Route Frequency Outcome Limitations References
Murine 100 pg/mL EVs in Topical Single dose Improved wound closure Lack of repeated dosing studies [20]
macrophages microneedle microneedle

M2 3x10'° EVs/mL Topical Single dose Reduced inflammation Need for comparative studies on M| [59]
macrophages hydrogel vs M2 EVs

Murine 300 pg protein Topical Single dose Reshape immune microenvironment and Limited understanding of engineered [35]
macrophages equivalent hydrogel enhance wound healing vs natural EVs

specificity of MDEV localization.”® However, these strategies should be optimized to ensure effective targeting without
inducing immune responses or toxicity.

Additionally, determining the optimal dosage of MDEVs for therapeutic efficacy remains an unresolved issue.’®
Emerging studies illustrates the inconsistencies in dosing regimens, including variations in EV quantification (particle
count vs protein content), administration routes, and treatment frequencies (Table 1).2%>° While EVs offer promising
benefits in terms of their bioactivity, their optimal concentration and administration schedule vary depending on the
condition being treated, the severity of the wound, and the specific therapeutic goals. Excessive delivery of MDEVs may
result in immune reactions, while insufficient dosage could lead to suboptimal therapeutic outcomes.** Establishing
standardized protocols for dosing and administration is crucial for the clinical translation of MDEV-based therapies.

Advances in Hydrogel-Based Delivery Systems for Sustained Release

To overcome the challenges associated with EV delivery, particularly those related to stability and targeted release,
hydrogel-based delivery systems have gained prominence as an innovative solution.*®° Hydrogels are three-
dimensional, water-swollen networks of biocompatible and biodegradable materials that can encapsulate MDEVs,
offering significant advantages in terms of stability, sustained release, and local retention at the wound site. By
embedding MDEVs within hydrogel matrices, it is possible to protect these delicate vesicles from premature degradation,
allowing for prolonged therapeutic activity.®' The hydrogel matrix serves as a protective scaffold, shielding the EV's from
enzymatic breakdown and facilitating their slow, controlled release over time.®* For example, in a prior study, Liu et al
introduced a multifunctional hydrogel loaded with M2 macrophage exosomes as a dressing for diabetic wounds.®*> The
hydrogel exhibits injectable, self-healing, and tissue-adhesive properties, enabling it to rapidly form a protective barrier
over the wound, effectively stopping bleeding and creating a favorable healing environment. A key feature of this
hydrogel is its sustained release of M2 macrophage exosomes, which facilitates angiogenesis in the wound area,
ultimately accelerating the healing process.

Moreover, hydrogels can be engineered to respond to environmental cues such as pH, temperature, or enzymatic
activity, enabling the precise control of MDEV release in response to the local wound microenvironment.*>**! For
example, acidic conditions often present in inflamed or infected tissues can trigger the release of EVs from pH-sensitive
hydrogels, ensuring that the therapeutic cargo is delivered precisely where it is most needed.***> Similarly, thermo-
sensitive hydrogels can undergo phase transitions in response to changes in temperature, facilitating the controlled release
of EVs at the wound site.*®

Hydrogels can also be designed to enhance the retention of EVs at the wound site by incorporating adhesion
molecules or extracellular matrix components, which help to anchor the hydrogel and its cargo to the tissue.®” This
localized retention is particularly important in chronic wound healing, such as in diabetic ulcers, where prolonged
therapeutic intervention is often necessary to support tissue regeneration and repair.’® In addition, hydrogel-based
systems can be designed to integrate with the surrounding tissue as they degrade, offering a dynamic, supportive scaffold
that promotes cell migration, angiogenesis, and ECM remodeling—key processes in wound healing.?>’ For instance,
Xiong et al reported an in situ injectable HA@MnO,/FGF-2/Exos hydrogel designed to enhance diabetic wound
healing.'? A key focus is its sustained release and tissue retention of M2 macrophage-derived exosomes (M2 Exos).
Upon local injection, the hydrogel forms a protective barrier over the wound, offering rapid hemostasis and prolonged
antibacterial effects. Crucially, the hydrogel enables the controlled and prolonged release of M2 Exos and FGF-2,
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promoting angiogenesis and epithelialization. Both in vivo and in vitro results confirm its ability to accelerate diabetic
wound repair, making it a promising solution for chronic wound management.

Recent advances in hydrogel formulations, including the incorporation of nanoparticles or biologically active
molecules, have further enhanced the versatility and therapeutic potential of these delivery systems. For example,
combining MDEVs with nanoparticle carriers within hydrogel matrices may improve the bioavailability of EVs, enhance
their tissue penetration, and provide additional synergistic effects through the incorporation of other therapeutic
agents.”® By addressing the limitations of conventional EVs delivery systems, hydrogel-based platforms offer
a promising approach for enhancing the stability, targeting, and sustained release of EVs in wound healing.”® The
integration of these advanced materials with EV-based therapies holds significant potential for improving outcomes in the
treatment of diabetic wounds, where enhanced tissue regeneration, inflammation resolution, and angiogenesis are
essential for effective healing.

Challenges and Future Perspectives

Heterogeneity within EV Populations

A major challenge in utilizing MDEVs for therapeutic applications stems from the inherent heterogeneity within EV
populations. Despite originating from a single cell type, EVs exhibit variability in size, composition, and function,
complicating their consistent application in clinical settings. This heterogeneity arises due to differences in biogenesis
pathways, environmental conditions during EV production, and the dynamic nature of MSCs themselves, which respond
to various stimuli by altering their secreted vesicles. Such variability complicates their consistent application in clinical
settings, as it becomes difficult to ensure batch-to-batch reproducibility and predict therapeutic outcomes reliably.

To address this challenge, researchers should develop advanced techniques to isolate specific EV subpopulations that
possess well-defined therapeutic properties. Ultracentrifugation, size-exclusion chromatography, and density gradient
centrifugation are traditional methods used for EV isolation, but these approaches often yield mixed populations with
overlapping characteristics. More refined techniques, such as immunoaffinity-based separation using specific surface
markers or microfluidic-based sorting, hold promise for achieving greater purity and consistency.

Deficiency of Standardized Protocols

The absence of standardized protocols for isolating and characterizing EVs remains another critical barrier to their
widespread use. Current isolation methods, such as ultracentrifugation and size-exclusion chromatography, often yield
inconsistent results and may co-purify contaminants.”' These methods may also co-purify contaminants, such as proteins,
lipoproteins, or cellular debris, which can interfere with downstream applications and compromise the therapeutic
potential of MDEVs. Furthermore, differences in laboratory techniques, equipment, and reagents contribute to variability
in EV preparations, making it difficult to compare results across studies and hindering progress toward clinical
translation.

To overcome these challenges, it is essential to establish robust, reproducible protocols that ensure high purity, yield,
and functional integrity of MDEVs. Advances in microfluidic-based isolation, immunoaffinity capture using EV-specific
surface markers, and tangential flow filtration offer promising solutions for improving standardization and scalability.
Additionally, clear guidelines for characterizing EVs—such as determining their size distribution through nanoparticle
tracking analysis (NTA), identifying surface markers via flow cytometry or Western blotting, and analyzing cargo content
using omics technologies—are crucial for ensuring consistent and reproducible outcomes. By implementing standardized
protocols and rigorous quality control measures, researchers can enhance the reliability and clinical applicability of
MDEV-based therapies, facilitating their integration into regenerative medicine and other biomedical applications.

Scalability of Bioengineering Methods

Current isolation and purification techniques, including ultracentrifugation, size-exclusion chromatography, and micro-
fluidic sorting, are labor-intensive and difficult to scale while maintaining EV integrity and functionality. Moreover,
macrophage culture conditions, activation states, and stimulation protocols significantly influence EV composition,
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creating batch-to-batch variability that challenges reproducibility. Advances in bioreactor systems and continuous-flow
microfluidics offer promising solutions, yet standardization and regulatory compliance remain critical hurdles.
Additionally, the need for high-yield, cost-effective production strategies necessitates the development of optimized
cell expansion platforms and engineered vesicle secretion systems. Ensuring that bioengineered macrophage-derived EVs
retain their therapeutic potency and phenotypic fidelity at an industrial scale remains an essential objective for their
widespread clinical use.

Immunogenicity of Surface Modifications

Surface modifications of EVs introduce immunogenicity concerns that can alter their pharmacokinetics and therapeutic
efficacy. Functionalization strategies, including lipid membrane engineering, protein conjugation, and ligand incorpora-
tion, are employed to enhance targeting capabilities and extend circulation time. However, these modifications may
trigger immune recognition, leading to rapid clearance or unintended immunostimulatory effects. For instance, synthetic
polymers or targeting peptides may disrupt EV biocompatibility, necessitating strategies such as autologous protein
coatings or immune-evasive surface modifications. Furthermore, EV heterogeneity complicates precise modification,
requiring advanced bioengineering techniques to achieve consistent and predictable surface functionalization. Addressing
these challenges requires a balance between enhancing EV targeting efficiency and preserving immune tolerance, which
remains a key consideration in developing macrophage-derived EV-based therapeutics.

Long-Term Stability of Hydrogels

Hydrogels serve as promising platforms for controlled EV delivery, yet their long-term stability significantly impacts
therapeutic efficacy. The degradation kinetics of hydrogels must be carefully tailored to match the desired EV release
profile, ensuring sustained bioavailability while maintaining vesicle functionality. Crosslinking density, polymer compo-
sition, and environmental factors such as pH and enzymatic activity influence hydrogel stability and EV retention.
Additionally, hydrogel porosity and mechanical properties must be optimized to prevent premature EV degradation while
allowing efficient diffusion at the target site. Advanced biomaterials, including stimuli-responsive and self-healing
hydrogels, offer innovative solutions to enhance stability and tunability. However, achieving precise control over
hydrogel degradation and EV release remains a critical challenge that requires further investigation. Future research
should focus on integrating bioinspired materials and dynamic hydrogel systems to optimize macrophage-derived EV
delivery for clinical applications.

Future Perspectives

Omics technologies, including proteomics, transcriptomics, and lipidomics, offer powerful tools for dissecting the
complex cargo of MDEVs.”>”® These approaches enable the identification of specific molecules that mediate the
therapeutic effects of EVs, facilitating the design of more targeted and effective interventions. Integrating these
technologies will provide deeper insights into how MDEVs influence wound healing and guide efforts to enhance
their therapeutic efficacy.

Innovative wound dressing systems, such as smart hydrogels, nanofiber scaffolds, and electrospun materials, hold
great promise as delivery platforms for MDEVs. These systems can provide controlled, sustained release of MDEVs at
the wound site, and their responsiveness to environmental cues ensures that therapeutic EVs are released in alignment
with the wound’s healing needs.®? The combination of MDEVs with such advanced dressings offers a promising strategy
to enhance diabetic wound healing.

Moreover, a growing body of pre-clinical research has demonstrated the efficacy of MDEVs in promoting wound
healing in diabetic models. Several animal studies have shown that MDEVs can significantly accelerate wound closure,
reduce inflammation, and enhance tissue regeneration. For instance, Liu et al investigated the effect of MDEVs in
a streptozotocin-induced diabetic mouse model. The study found that topical application of MDEVs led to increased
wound closure rates, enhanced re-epithelialization, and improved collagen deposition compared to control groups.®®
Mechanistically, these vesicles modulated macrophage polarization, favoring a shift from the pro-inflammatory M1
phenotype to the anti-inflammatory M2 phenotype, thereby facilitating immune resolution and tissue repair.
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In another pre-clinical study, Xiong et al developed a hydrogel-loaded MDEV system to provide sustained release of
therapeutic vesicles at the wound site. This system significantly improved angiogenesis and fibroblast activation in
diabetic mice, demonstrating enhanced granulation tissue formation and extracellular matrix remodeling.'* The hydrogel-
based approach further extended the retention time of MDEVs, maximizing their therapeutic potential.

Conclusions
As MDEVs advance toward clinical application, addressing ethical, regulatory, and quality control challenges will be
essential to ensure their safe and effective use. The production of MDEVs should adhere to rigorous quality assurance
standards, including Good Manufacturing Practice (GMP) guidelines, to guarantee consistency, purity, and therapeutic
efficacy. Ethical considerations, such as the sourcing of donor cells, informed consent, and compliance with international
regulatory frameworks, should be carefully managed to foster public trust and facilitate regulatory approval.
Furthermore, establishing clear and standardized guidelines for preclinical and clinical studies will be critical for the
successful translation of MDEVs from laboratory research to clinical practice. Robust methodologies for EV isolation,
characterization, and functional validation will play a key role in ensuring reproducibility and scalability. Future research
should focus on addressing these challenges, optimizing large-scale production strategies, and further elucidating the
mechanisms underlying MDEV-mediated therapeutic effects. By overcoming these barriers, MDEVs hold the potential to
become a transformative treatment modality for diabetic wound healing and other regenerative medicine applications.
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