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Abstract: Diabetic skin infections, particularly diabetic foot ulcers (DFU), remain difficult to treat because infection, biofilm
formation, persistent inflammation, oxidative stress, hypoxia, impaired angiogenesis, and extracellular matrix (ECM) disruption
coexist within a hostile wound microenvironment. Conventional treatments, including antibiotics, surgical debridement, negative
pressure wound therapy, and standard dressings, are indispensable but often fail to simultaneously suppress infection and restore
regenerative healing. Exosomes have emerged as promising acellular mediators for diabetic wound repair because they can coordinate
immune regulation, angiogenesis, matrix remodeling, and re-epithelialization. However, direct exosome administration is limited by
rapid clearance, poor local retention, dilution by wound exudate, dose inconsistency, and manufacturing heterogeneity. Biomaterial
platforms, including hydrogels, microneedle patches, membranes, cryogels, porous scaffolds, and responsive nanocomposite systems,
provide a rational strategy to protect exosome bioactivity, prolong local retention, and enable sustained or stimulus-responsive release.
More importantly, these materials can be engineered to actively regulate infection-associated pathological barriers, including biofilm
persistence, excessive oxidative stress, hypoxia, and impaired tissue reconstruction. This review summarizes recent advances in
exosome—biomaterial systems for diabetic skin infections, with emphasis on delivery design, microenvironment-responsive release,
anti-infective and regenerative mechanisms, platform comparison, and clinical translation. We further discuss key translational
challenges, including exosome source selection, dose standardization, potency assays, scalable manufacturing, storage stability,
biosafety, regulatory classification, and clinical trial design. Current evidence suggests that exosome—biomaterial systems can improve
wound closure, vascularization, collagen deposition, re-epithelialization, and infection control in preclinical models. Nevertheless,
high-quality clinical evidence remains limited. Future studies should prioritize clinically relevant infected diabetic wound models,
standardized quality-control frameworks, and simplified delivery systems compatible with routine wound care.
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Introduction

Diabetic skin infections, particularly diabetic foot ulcers (DFU), are among the most severe complications of diabetes and
remain a major challenge in wound care. DFU markedly impair quality of life and are closely associated with hospitalization,
lower-limb amputation, and increased mortality.' Recent epidemiological data indicate that approximately 18.6 million people
are affected by DFU worldwide each year, and these ulcers precede more than 80% of non-traumatic lower-limb amputations
in patients with diabetes.” The high recurrence rate, prolonged treatment course, and substantial healthcare costs further
highlight the need for therapeutic strategies that can control infection while promoting durable tissue repair.>* The difficulty in
treating diabetic skin infections results from the coexistence of bacterial colonization, biofilm formation, persistent inflamma-

tion, oxidative stress, vascular insufficiency, and impaired matrix remodeling.’ These abnormalities interact with each other
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and create a self-sustaining pathological microenvironment in which infection is difficult to eradicate and tissue regeneration
remains incomplete. Current clinical management, including antibiotic therapy, surgical debridement, negative pressure
wound therapy, offloading, vascular assessment, and wound dressings, remains essential. However, these approaches mainly
reduce pathogen burden or support wound coverage and often do not actively reprogram the diabetic wound
microenvironment.®” Therefore, single-modality treatments frequently fail to address the combined challenges of infection
persistence, immune dysfunction, impaired angiogenesis, and delayed epithelial repair.

Exosomes have attracted increasing attention as acellular therapeutic mediators for diabetic wound repair. These nanoscale
extracellular vesicles carry regulatory cargos, including microRNAs, proteins, lipids, and other bioactive molecules, and can
modulate macrophage polarization, inflammatory signaling, angiogenesis, fibroblast activity, collagen remodeling, and re-
epithelialization.® ' These pleiotropic effects make exosomes attractive for multi-target regulation of diabetic wounds.
Nevertheless, direct administration remains limited by rapid clearance, poor local retention, dilution by wound exudate,
degradation in the hostile wound environment, uncertain dose-response relationships, and difficulties in standardized production
and quality control.'’ These limitations have prompted growing interest in biomaterial-assisted exosome delivery.

Biomaterials provide a practical interface between exosome bioactivity and the complex diabetic wound microenvir-
onment. Hydrogels, microneedle patches, membranes, cryogels, porous scaffolds, and responsive nanocomposite systems
can improve exosome stability, prolong local retention, enable sustained or stimulus-responsive release, and provide
structural or biochemical support for tissue repair.'* Importantly, biomaterials can also be engineered with antibacterial,
antioxidant, oxygen-generating, adhesive, injectable, or microenvironment-responsive properties, thereby expanding their
role from passive carriers to active regulators of infected diabetic wounds. However, biomaterials alone often lack
sufficient biological complexity to restore immune—vascular—matrix coordination across different stages of healing.

The combination of exosomes and biomaterials therefore represents a rational strategy for diabetic skin infections. In
such systems, biomaterials improve the spatial and temporal presentation of exosomes, whereas exosomes provide
immunomodulatory, pro-angiogenic, antioxidant, and regenerative signals that strengthen material-based wound repair.
Several preclinical studies have shown that exosome-loaded hydrogels, scaffolds, microneedle patches, and nanocompo-
site systems can reduce inflammation, enhance vascularization, improve collagen deposition, accelerate re-
epithelialization, and support infection control."*> However, current evidence remains largely preclinical, and clinical
translation is limited by exosome source heterogeneity, dose standardization, scalable manufacturing, storage stability,
biosafety, regulatory classification, and clinical trial design.

This review focuses on exosome—biomaterial combinatorial therapies for diabetic skin infections, with particular
attention to infected diabetic wounds and DFU. We first summarize the pathological barriers that guide the design of
exosome—biomaterial systems. We then discuss the limitations of exosomes and biomaterials as independent therapeutic
strategies and review major delivery platforms, including hydrogels, microneedle patches, membranes, cryogels, porous
scaffolds, engineered exosomes, and responsive nanocomposite systems. Finally, we compare platform-specific advan-
tages and limitations, synthesize their anti-infective and reparative mechanisms, and discuss key translational challenges.
By integrating delivery design, microenvironment remodeling, and clinical translation, this review aims to clarify how
exosome—biomaterial systems may progress from promising preclinical platforms toward clinically applicable therapies
for refractory diabetic skin infections.

Pathological Microenvironment and Therapeutic Targets of Diabetic Skin

Infections

Diabetic skin infections and their progression to non-healing ulcers represent a major disruption of the normal tissue repair
cascade. Unlike acute wounds in non-diabetic individuals, diabetic wounds are continuously exposed to systemic metabolic
disturbances induced by hyperglycemia, resulting in a complex pathological microenvironment characterized by persistent
inflammation, oxidative stress, impaired angiogenesis, extracellular matrix (ECM) degradation, and bacterial biofilm forma-
tion. These factors interact with each other and form a self-sustaining vicious cycle that impairs host defense, delays tissue
regeneration, and promotes recurrent infection. A clear understanding of these pathological features is essential for identifying
therapeutic targets and guiding the design of exosome—biomaterial platforms (Figure 1).
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Figure |1 Complex pathological microenvironment of diabetic skin infections and corresponding targeted reprogramming therapeutic strategies. The figure is organized into
two interrelated modules: (A) the pathological microenvironment underlying chronic non-healing diabetic skin infections, and (B) therapeutic strategies for microenviron-
mental reprogramming. In module A, (I) immune-inflammatory dysregulation is driven by persistent M| macrophage polarization, defective MI-to-M2 phenotypic transition,
AGEs—RAGE-NF-kB-dependent cytokine amplification, NLRP3 inflammasome activation, and excessive NET/MMP-9 release. These events collectively accelerate the
degradation of collagen fibers, growth factors, and extracellular matrix components, thereby perpetuating tissue destruction. (Il) Oxidative stress and defective ECM
remodeling are characterized by sustained ROS accumulation, impaired Keap|/Nrf2 antioxidant signaling, reduced HO-| expression, lipid peroxidation, DNA damage,
ferroptotic injury, and fibroblast senescence-associated secretory phenotype. Together, these abnormalities compromise collagen deposition, promote ECM depletion, and
delay re-epithelialization. (lll) Vascular dysfunction and ischemia—hypoxia arise from PTEN-mediated suppression of PI3K/AKT signaling, attenuated VEGF/eNOS activity,
disruption of endothelial junction integrity, increased vascular leakage, impaired endothelial migration and lumen formation, and insufficient HIF-la-mediated hypoxic
adaptation. (IV) Biofilm barrier formation reflects the establishment of extracellular polymeric substance-rich bacterial biofilms composed of extracellular DNA,
polysaccharides, and proteins, which promote bacterial persistence, quorum sensing, immune evasion, antibiotic tolerance, and recurrent infection. Collectively, these
pathological processes reinforce one another, forming a self-sustaining vicious cycle of infection, inflammation, oxidative injury, vascular insufficiency, and impaired tissue
repair. In module B, (I) immune reprogramming strategies aim to restrain NF-kB-driven inflammatory cascades through pharmacological inhibitors or siRNA-based
approaches, thereby reducing TNF-a, IL-1f, and IL-6 production and promoting macrophage repolarization toward a reparative M2 phenotype with enhanced secretion
of anti-inflammatory and pro-regenerative mediators, including IL-10 and TGF-. (ll) Antioxidant defense reconstruction focuses on restoring redox homeostasis by
activating Nrf2 signaling or applying SOD/CAT-like nanozymes to scavenge excessive ROS, generate oxygen, reduce ferroptotic injury, and protect fibroblast and endothelial
cell function. (lll) Pro-angiogenic regulation targets the PTEN/PI3K/AKT/VEGF signaling axis via PTEN inhibition, gene-silencing strategies, or agents such as empagliflozin,
thereby enhancing endothelial survival, migration, tubulogenesis, and functional neovascularization. (IV) Biofilm-targeted nanoplatforms integrate photothermal therapy,
photodynamic therapy, microenvironment-responsive nanocarriers, antibiotic delivery, and quorum-sensing inhibitors to disrupt the EPS matrix, improve drug penetration
into biofilms, suppress bacterial communication, and enhance bacterial eradication. Black arrows denote activation, progression, or downstream biological effects; T-shaped
lines indicate inhibition or blockade; red downward arrows represent reduced expression, activity, or functional capacity; and circular arrows highlight the interconnected
pathological loop that sustains non-healing diabetic infected wounds.

Macrophage Polarization Blockage and Immune-Inflammatory Cascade Dysregulation
Immune dysfunction is one of the major pathological features of diabetic skin infections. During normal wound healing,
macrophages gradually transition from the pro-inflammatory M1 phenotype to the repair-promoting M2 phenotype,
thereby promoting inflammation resolution and tissue remodeling. However, under persistent hyperglycemic stimulation,
this transition is markedly impaired. Advanced glycation end products (AGEs) can activate the receptor for AGEs
(RAGE) and downstream nuclear factor-kappa B (NF-kB) signaling, causing macrophages to remain in a pro-
inflammatory state and continuously release cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1p), and IL-6."* This sustained inflammatory signaling prevents the timely transition toward an M2 phenotype and
prolongs the inflammatory phase of wound healing.

In addition, excessive activation of the NLRP3 inflammasome has been observed in diabetic wounds. Hyperglycemia
and reactive oxygen species (ROS) can act as danger-associated molecular patterns (DAMPs), inducing NLRP3
inflammasome assembly, caspase-1 activation, and the maturation and release of IL-1p and IL-18. This inflammatory
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response can also promote neutrophil extracellular trap (NET) formation. Excessive NETs and proteases, especially
matrix metalloproteinase-9 (MMP-9), accelerate the degradation of newly synthesized collagen and growth factors such
as PDGF and VEGF, thereby impairing granulation tissue formation and tissue repair.'> Therefore, correcting macro-
phage polarization and suppressing excessive inflammatory signaling are important therapeutic targets for diabetic
infected wounds.

Oxidative Stress Compensation Failure and Extracellular Matrix Remodeling Failure
Persistent oxidative stress is another central feature of the diabetic wound microenvironment. Chronic hyperglycemia
promotes mitochondrial dysfunction and excessive ROS production. Under physiological conditions, cells rely on
antioxidant defense pathways, particularly nuclear factor erythroid 2-related factor 2 (Nrf2), to eliminate excess ROS.
However, in diabetic wounds, Nrf2 activation and nuclear translocation are impaired, resulting in reduced expression of
antioxidant enzymes such as heme oxygenase-1 (HO-1).'® The imbalance between ROS production and antioxidant
defense contributes to lipid peroxidation, protein oxidation, DNA damage, and cellular senescence.

Recent studies have also highlighted the role of ferroptosis, an iron-dependent form of lipid peroxidation-mediated
cell death, in diabetic non-healing wounds.'”'* ROS accumulation and reduced glutathione peroxidase 4 (GPX4) activity
can promote lipid peroxidation in fibroblasts and endothelial cells, leading to functional cell loss and impaired tissue
regeneration.” Senescent fibroblasts lose their ability to synthesize collagen and may acquire a senescence-associated
secretory phenotype (SASP), further releasing inflammatory factors and proteases such as IL-6, IL-1B, and MMPs.?'
These processes disrupt the balance between ECM synthesis and degradation, resulting in fragile granulation tissue, poor
matrix organization, and delayed re-epithelialization.

Endothelial Dysfunction and Persistent Ischemia-Hypoxia

Impaired angiogenesis and microvascular dysfunction are major obstacles to diabetic wound healing. Hyperglycemia and
oxidative stress damage endothelial progenitor cells and mature endothelial cells, reducing their migration, proliferation,
and tube formation capacity.*? Although diabetic wounds are often hypoxic, the compensatory stabilization of hypoxia-
inducible factor-1 alpha (HIF-1a) is impaired.”>** As a result, hypoxic signaling fails to effectively induce vascular
endothelial growth factor (VEGF) expression and angiogenic repair.

The PTEN/AKT/VEGF signaling axis is an important pathway involved in this process. In the diabetic microenvir-
onment, abnormal PTEN upregulation inhibits PI3K/AKT signaling, resulting in reduced VEGF production and
endothelial nitric oxide synthase (eNOS) dysfunction.”> Consequently, endothelial cell survival, migration, and neovas-
cularization are impaired. In addition, hyperglycemia disrupts endothelial tight junction proteins such as ZO-1 and
Claudin-5, leading to immature and leaky neovessels.”® These vascular abnormalities limit oxygen, nutrient, and immune
cell supply to the infected wound and further aggravate tissue necrosis and delayed healing.

Physical Barrier Collapse and Bacterial Biofilm Formation
Immune dysfunction, tissue necrosis, and microcirculatory impairment collectively weaken the physical and biological
barrier functions of diabetic skin. This creates a favorable environment for pathogen colonization, especially by
Staphylococcus aureus and Pseudomonas aeruginosa. In the hyperglycemic and exudative wound environment, bacteria
can rapidly proliferate and form biofilms composed of extracellular polysaccharides, proteins, and extracellular DNA.2"-*®
Biofilm formation is a key reason why diabetic skin infections are difficult to eradicate. The biofilm matrix limits
antibiotic penetration and creates hypoxic and acidic microdomains that allow bacteria to enter a low-metabolic persistent
state.”” Bacteria within biofilms can also communicate through quorum sensing, coordinate virulence factor expression,
and evade host immune responses.’® This cycle of bacterial colonization, biofilm formation, immune evasion, and tissue
damage contributes to recurrent infection, delayed healing, and progression to deep tissue infection or osteomyelitis.

Potential Therapeutic Strategies for Targeting the Pathological Microenvironment
Given the complexity of the diabetic skin infection microenvironment, single therapies focused solely on infection
control or growth promotion are often ineffective. Current therapeutic strategies are gradually shifting from symptom
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control to microenvironment reprogramming. By intervening in key molecular switches, actively breaking the patholo-
gical vicious cycle formed by inflammation, oxidative stress, vascular damage, and biofilm formation, has become
a frontier in the field. Based on a thorough understanding of the molecular mechanisms of the complex pathological
microenvironment described above, recent research has focused on developing new therapeutic targets and intervention
strategies capable of actively reprogramming the microenvironment.

Targeted Reprogramming Strategies for the Immune Microenvironment

The core of reshaping the immune microenvironment lies in correcting the imbalance in macrophage polarization and
preventing the subsequent cascade of tissue destruction. The primary strategy to interrupt the upstream inflammatory
activation is to block the continuous activation of the NF-kB signaling pathway, which is a major source of pro-
inflammatory factors. Using small molecule inhibitors or specific nucleic acid interference techniques (siRNA/shRNA) to
target the phosphorylation of IkB kinase (IKK) can prevent the NF-kB p65 subunit from entering the nucleus, thus
significantly reducing the expression of key pro-inflammatory cytokines such as TNF-a, IL-1f3, and IL-6 at the
transcriptional level. This intervention not only alleviates the direct damage of the cytokine storm to the local tissue
but also blocks the self-sustaining loop of M1 macrophages.'*

While inhibiting pro-inflammatory signals, actively inducing M2 macrophage polarization is a key step in initiating
tissue repair.’' Traditional strategies involve the direct delivery of anti-inflammatory cytokines like IL-4 or IL-10 to
induce phenotype conversion, but their use is limited by the short half-life of these factors.>® Emerging strategies utilize
biomaterials with immune-regulatory functions (such as nanostructures with specific surface morphologies or chemical
modifications) to mimic ECM signals, directly regulating macrophage cytoskeletal rearrangement and gene expression.
This, in turn, promotes the secretion of growth factors such as TGF- and VEGEF, thereby fostering a regenerative
microenvironment.*® Additionally, addressing the issue of matrix degradation downstream of inflammation is critical.
Restoring the metabolic balance between MMPs and TIMPs is essential. The use of MMP inhibitors (such as
doxycycline) or gene engineering approaches to upregulate the expression of TIMPs can effectively neutralize excess
MMP-9 activity, protecting the newly synthesized collagen scaffold from degradation and providing the necessary
physical support for stable granulation tissue growth.***>

Active Defense Reconstruction of Oxidative Stress
Restoring cellular redox homeostasis is fundamental to recovering the functionality of diabetic wound cells. Activating
the Nrf2 signaling pathway is considered a primary therapeutic target for antioxidant treatment.*® Given the pathological
characteristics of Nrf2 nuclear translocation being inhibited in the diabetic environment, research has focused on
developing novel small molecule agonists (such as tert-butylhydroquinone, sulforaphane) or using gene delivery systems
to overexpress Nrf2. These strategies aim to reactivate the endogenous antioxidant defense system, systemically
upregulating the expression of key enzymes such as HO-1 and NAD(P)H: quinone oxidoreductase 1 (NQO1).*” This
process not only efficiently clears accumulated ROS but also protects mitochondrial integrity, preventing cells from
undergoing lipid peroxidation-induced ferroptosis, thereby rescuing fibroblasts and endothelial cells from senescence.'®
As a supplement to endogenous defense mechanisms, nanozyme technology has provided a new approach to
antioxidant therapy. Metal-based nanomaterials with superoxide dismutase (SOD) or catalase (CAT)-like activities (eg,
cerium oxide, Prussian blue, or manganese-based nanomaterials) can simulate natural enzyme catalytic processes,
efficiently clearing superoxide anions and hydrogen peroxide at the wound site.***° More innovatively, these nanozymes
can convert harmful H,O, into oxygen, improving the local hypoxic environment while eliminating oxidative stress,
significantly enhancing treatment efficacy.***!
Regulation of the Angiogenesis Signaling Axis for Targeting Microvascular Regeneration
To address the persistent microcirculatory disturbances in diabetic wounds, the restoration of a functional vascular
network primarily relies on the precise regulation of angiogenesis signaling pathways. The PTEN/AKT/VEGF signaling
axis is a core hub in this process.***> Due to the abnormal overexpression of PTEN in diabetic wounds and its potent
inhibitory effect on angiogenesis, specifically inhibiting PTEN activity or downregulating its expression has become an
effective strategy for promoting vascularization. For example, using specific inhibitors or miRNA interference techniques
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to silence PTEN can relieve its inhibitory effect on the PI3K/AKT pathway, restoring AKT phosphorylation levels and
reactivating downstream VEGF-mediated endothelial cell proliferation and tubulogenesis.** Notably, the commonly used
antidiabetic drug SGLT2 inhibitor empaglifiozin has recently been found to have significant angiogenic effects, with its
mechanism being through inhibition of PTEN expression and activation of the AKT/VEGF pathway, effectively
reversing endothelial dysfunction and promoting wound vascular network reconstruction. This provides important
molecular evidence for the repurposing of old drugs for the treatment of DFU.*

Nanomaterial Platforms Targeting Bacterial Biofilms

Given the challenge of antibiotic resistance and immune evasion caused by bacterial biofilms, therapeutic strategies must
shift from simple bactericidal approaches to comprehensive interventions, including physical disruption, targeted
delivery, and signaling blockade. Photothermal and photodynamic therapies (PTT/PDT) use near-infrared light-
responsive nanomaterials to generate controlled high temperatures or cytotoxic singlet oxygen at the wound site. This
physical disruption directly damages the extracellular polysaccharide matrix (EPS) of the biofilm, exposing the deeper
bacteria and disrupting their cell membrane structure, while minimizing the risk of inducing bacterial resistance.*’

To improve drug delivery efficiency, the design of microenvironment-responsive delivery systems takes advantage of
the pathological features specific to the infection microenvironment (such as acidic pH and high concentrations of
hyaluronidase or gelatinase). Recent smart antibacterial gels have further extended this concept by combining anti-
bacterial activity, multidrug-resistant infection control, wound-state monitoring, and diabetic wound repair within
a single integrated platform.*® Smart nanocarriers are designed to undergo charge inversion (from negative to positive,
enhancing bacterial adsorption) or scaffold degradation upon reaching the infection site, thus achieving targeted, burst
release of antibacterial drugs deep within the biofilm. Additionally, the application of quorum-sensing inhibitors (QSIs)
aims to interfere with bacterial communication networks. By blocking bacterial quorum-sensing signals, the initial
adhesion phase of biofilm formation can be suppressed, and the expression of virulence factors can be reduced, restoring
bacterial susceptibility to host immune systems and conventional antibiotics, ultimately eradicating chronic infections.*’
The use of these multifunctional platforms signifies the advancement of diabetic skin infection treatments toward
microenvironment-targeted, integrated interventions.

Current Applications and Limitations of Existing Therapies

Diabetic skin infections, particularly DFU-related infections, are still primarily managed with antibiotic therapy, surgical
debridement, negative pressure wound therapy (NPWT), and standard dressing. However, the complex pathological
microenvironment created by hyperglycemic toxicity, persistent inflammation, microcirculatory disorders, and biofilm
barriers in diabetic patients makes it difficult for traditional therapies to not only control infection but also reverse key
obstacles such as immune imbalance, oxidative stress, and impaired tissue regeneration. With the global rise of AMR and
the challenges posed by biofilm-induced drug resistance, it is crucial to systematically evaluate the boundaries and
limitations of existing therapies in order to define the design direction for the next generation of multifunctional
strategies. Meanwhile, exosomes and biomaterials, as emerging intervention methods, have shown potential in promoting
microenvironment remodeling in preclinical studies, but their standalone application still faces limitations such as
delivery issues, stability, and insufficient functional coverage. This section will review the limitations of traditional
therapies and summarize the current status of exosomes and biomaterial applications in diabetic wounds, providing an
evidence base and logical support for subsequent combined strategies.

Limitations of Current Traditional Therapies

Currently, traditional treatments for diabetic skin infections primarily include antibiotic therapy, surgical debridement, NPWT,
and routine dressing management. While these approaches have fundamental value in controlling infection and maintaining
basic wound management, their overall effectiveness remains suboptimal in the context of immune dysfunction, microcircu-
latory disturbances, and the prevalence of multidrug-resistant strains. Epidemiological data show that the incidence of DFU
infection can reach 50%-70%, with an increasing proportion of multidrug-resistant bacteria (eg, methicillin-resistant

Staphylococcus aureus, MRSA), which is closely associated with treatment failure and increased amputation risk.>***°
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Antibiotic therapy is the core component of DFU infection management, but it faces the increasing challenge of drug
resistance. Common pathogens in DFU include Gram-positive bacteria (eg, Staphylococcus aureus) and Gram-negative
bacteria (eg, Pseudomonas aeruginosa). In some Asian countries, the detection rate of multidrug-resistant strains can reach
40%-80%.°° The empirical use of broad-spectrum antibiotics not only accelerates the evolution of resistance mechanisms
(eg, biofilm-associated tolerance, horizontal gene transfer) but also increases systemic adverse reactions and medical costs.’
Systematic reviews indicate that empirical antibiotic treatment failure rates in DFU can reach 30%, with one key reason
being biofilm barriers that hinder drug penetration and effective concentration, leading to prolonged infections and
continuous tissue necrosis.*’ Furthermore, diabetic patients often have underlying conditions such as renal dysfunction,
further limiting the range of antibiotic choices and the optimization of dosages, thereby increasing treatment difficulty.

Surgical debridement can reduce pathogen load by removing necrotic tissue and part of the biofilm, but its
effectiveness depends on the operator’s experience and carries risks of secondary injury. In the diabetic microenviron-
ment, delayed healing after debridement is not uncommon, with healing rates only around 30%-50%." NPWT can
provide some benefits by draining exudate, reducing edema, and improving local microcirculation, but its efficacy in
severely infected DFU is still limited, and it comes with high equipment and nursing costs.”*>* Routine dressings (eg,
gauze, foam dressings) can maintain a moist environment and absorb exudates, but they often lack biological activity and
targeted regulatory capabilities, making it difficult to effectively intervene in core pathological processes such as
persistent inflammation, angiogenesis impairment, and tissue regeneration deficits, resulting in chronic wounds being
stuck in the inflammatory phase for extended periods.

Overall, the key limitation of traditional therapies is their relatively narrow intervention scope: antibiotics and
debridement focus on pathogen load control, NPWT and dressings focus on wound management, but none can
simultaneously reprogram the pathological microenvironment of diabetic wounds, making it difficult to address multiple
obstacles such as uncontrolled inflammation, sustained oxidative stress, and infection resistance/biofilm formation. This
current situation highlights the urgent need for multifunctional treatment strategies that combine infection control with
regenerative capabilities and enable precise spatiotemporal regulation.

Current Application of Exosomes in Diabetic Wounds
Exosomes are extracellular vesicles, approximately 30—150 nm in diameter, secreted by various cell types and carrying
bioactive molecules such as miRNAs, proteins, lipids, and other regulatory cargos. Their biocompatibility, low immu-
nogenicity, relative stability, and ability to participate in intercellular communication make them promising acellular
therapeutic candidates for diabetic wound repair.® A growing body of preclinical evidence suggests that exosomes can
regulate several key processes involved in diabetic wound healing, including inflammation resolution, angiogenesis,
fibroblast and keratinocyte activity, collagen deposition, ECM remodeling, and re-epithelialization.”® >’ Compared with
cell-based therapies, exosomes may reduce some safety concerns related to tumor formation, immune rejection, and poor
cell survival after transplantation.’®

Exosomes used for diabetic wound repair are mainly derived from mesenchymal stem cells (MSCs), including
adipose-derived, bone marrow-derived, and umbilical cord-derived MSCs, as well as endothelial cells, immune cells, and
emerging plant-derived exosome-like nanoparticles. Different sources may provide distinct therapeutic advantages.
MSC-derived exosomes are widely studied because of their broad immunomodulatory, pro-angiogenic, and matrix-
remodeling effects.”® Endothelial cell-derived exosomes may be more directly related to vascular repair, whereas M2
macrophage-derived or immunologically preconditioned exosomes may be more suitable for wounds dominated by
persistent inflammation and impaired macrophage phenotype transition. Immune cell-derived vesicles, engineered
antibacterial vesicles, and drug-loaded exosomes may provide additional value in wounds characterized by bacterial
burden, biofilm-associated infection, or molecular debridement needs. Recent reviews have emphasized that exosomes
from different cellular origins may carry distinct cargos and functions, supporting a source-specific rather than source-
neutral view of exosome therapy.®® Therefore, exosome source selection should be based on cargo composition, potency
assays, manufacturing reproducibility, safety profile, and stage-specific wound requirements.

Despite source heterogeneity, many exosomes contain regulatory cargos associated with angiogenesis, immune
regulation, and tissue regeneration, such as miR-21, miR-126, miR-132, and multiple functional proteins.®' These cargos
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can regulate key pathways, including PI3K/AKT, NF-kB, HIF-1a/VEGF, TGF-B/Smad, and Nrf2-related signaling.®~%%2
In diabetic wound models, exosomes have been shown to reduce excessive inflammatory cytokine production, promote
macrophage polarization toward a reparative phenotype, enhance endothelial cell tube formation, stimulate fibroblast
migration, improve collagen deposition, and accelerate re-epithelialization.®* 7 These effects suggest that exosomes can
regulate the diabetic wound microenvironment through multiple coordinated mechanisms.

However, direct exosome administration still faces important translational barriers. Exosomes may be rapidly cleared
from the wound bed, diluted by wound exudate, degraded by proteases, or inactivated in a hostile oxidative and
inflammatory microenvironment. Their short local residence time often requires repeated administration or high doses,
which increases treatment cost and batch-related variability. In addition, limited production yield, batch-to-batch
heterogeneity, and the lack of standardized purification and quality-control methods remain major obstacles to large-
scale clinical translation.®®®® Exosome dosage is also insufficiently standardized in diabetic wound studies. Current
preclinical reports use heterogeneous metrics, including particle number, total protein content, and cell-equivalent dose,
making direct comparison across studies difficult. Inadequate dosing may fail to maintain sufficient local concentrations
for durable immune regulation, angiogenesis, antioxidant protection, and ECM remodeling, whereas excessive dosing
may increase manufacturing cost and safety concerns without proportional therapeutic benefit. In diabetic infected
wounds, effective dose is further influenced by exudation, protease activity, bacterial burden, local retention time, and
release kinetics. Biomaterial-based delivery platforms may partially address these limitations by improving exosome
retention, protecting vesicle bioactivity, and enabling sustained or responsive release.

Overall, exosomes have accumulated a substantial preclinical evidence base as acellular regenerative tools for
diabetic wound repair. Their therapeutic potential is expected to be further improved through rational source selection,
engineering modification, dosage standardization, and integration with biomaterial-based delivery systems.

Optimization Strategies for Enhancing Exosome Therapeutic Potency

Several optimization strategies have been explored to enhance the therapeutic potency of exosomes before transplanta-
tion. Donor-cell preconditioning is one commonly used approach, as hypoxic stimulation, inflammatory priming,
pharmacological pretreatment, three-dimensional culture, or biomaterial-assisted culture can alter the molecular cargo
of parental cells and enrich exosomes with pro-angiogenic, anti-inflammatory, or antioxidant signals. Exosome optimiza-
tion for diabetic skin wounds has also been discussed in terms of source selection, engineering, dosage adjustment, and
improved delivery strategies. Genetic engineering of donor cells provides another strategy by promoting the selective
enrichment of therapeutic miRNAs, IncRNAs, or proteins in secreted exosomes, thereby strengthening specific regulatory
pathways involved in macrophage polarization, endothelial cell function, fibroblast migration, or oxidative stress
resistance. Recent reviews of bioengineered MSC-derived exosomes have summarized three major strategies, including
parental-cell engineering, direct exosome engineering, and the combination of engineered exosomes with biomaterials for
diabetic wound healing. In addition, exosomes can be directly loaded with therapeutic cargo, including miRNAs,
siRNAs, antibiotics, antioxidants, or small molecules, to combine endogenous vesicle-mediated signaling with program-
mable drug delivery. Surface modification and ligand conjugation may further improve targeting ability, tissue retention,
and interaction with wound-resident cells. When combined with biomaterial platforms, these optimized exosomes can
achieve improved stability, sustained release, and stronger local bioactivity in diabetic infected wounds. However, such
optimization also increases the need for rigorous quality control, cargo characterization, potency assays, safety evalua-
tion, and scalable manufacturing protocols.

Role of Biomaterials in Wound Healing

Biomaterials have become an important strategy to complement traditional wound treatments by providing mechanical
support, optimizing the local microenvironment, and enabling controlled release of active components.'? In diabetic skin
infections, particularly DFU, biomaterials can intervene at both structural and functional levels to address pathological
obstacles such as chronic inflammation, oxidative stress, impaired angiogenesis, biofilm formation, and delayed tissue
regeneration.” The therapeutic performance of biomaterials is largely determined by their physicochemical design and
biological interactivity. Beyond wound coverage, biomaterial platforms can be engineered to regulate stiffness, porosity,
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surface chemistry, degradation kinetics, hydrophilicity, adhesion, and fluid-handling capacity.”' These properties influ-
ence cell-material interactions, exudate absorption, oxygen and nutrient diffusion, bacterial adhesion, and therapeutic
cargo retention. Different biomaterial architectures provide complementary functions: hydrogels support moist wound
management and sustained release; nanofibers and porous scaffolds facilitate cell infiltration and ECM reconstruction;
films and dressings provide barrier protection and exudate control; and microneedle patches enhance localized delivery
across wound barriers.”?

At the mechanistic level, biomaterials can promote wound repair through several pathways. By mimicking the ECM
microenvironment through surface morphology, chemical groups, and pore structure, biomaterials can support the adhesion,
migration, and proliferation of fibroblasts, endothelial cells, and keratinocytes, while regulating pathways such as PI3K/AKT
and TGF-B/Smad to improve collagen deposition and ECM remodeling.”* Biomaterials can also reduce external contamina-
tion, limit bacterial adhesion, maintain a moist wound environment, and serve as delivery platforms for active components
such as nitric oxide donors, growth factors, antimicrobial agents, antioxidants, or exosomes.’*

In recent years, stimulus-responsive biomaterials have attracted increasing attention. These materials can respond to
characteristic signals in diabetic or infected wounds, including acidic pH, high ROS, high glucose, specific enzymes,
temperature, or light, thereby enabling on-demand release.”> For example, pH-responsive hydrogels can enhance
antibiotic release or bacterial adsorption in acidic environments; ROS-responsive materials can reduce oxidative stress
while releasing antioxidant or pro-angiogenic molecules; and glucose-responsive materials can adjust release behavior
according to hyperglycemic wound conditions. Injectable and self-healing hydrogel dressings with wound-monitoring
capacity have also been developed to integrate dynamic wound coverage, local microenvironment regulation, and
wound-state assessment.’®’’ However, stimulus-responsive biomaterials may not always behave predictably in complex
diabetic infected wounds. Pathological signals such as pH, ROS, glucose, and enzyme activity are spatially and
temporally heterogeneous rather than uniformly distributed across the wound bed. This heterogeneity may lead to
premature release, insufficient release, off-target activation, delayed release, or loss of responsiveness caused by
excessive exudate, necrotic tissue, bacterial biofilm, and protease-mediated degradation. Therefore, the performance of
responsive biomaterials should not be evaluated only under simplified in vitro conditions. More robust designs require
appropriate response thresholds, improved stability, and validation in infected, ischemic, high-exudate, and biofilm-
containing wound models.

In diabetic skin infection applications, single biomaterials have shown the ability to reduce infection risk and improve
the local microenvironment to some extent. For example, chitosan-based dressings exhibit inherent antimicrobial and
hemostatic properties and can inhibit multidrug-resistant strains such as MRSA and Pseudomonas aeruginosa in
preclinical models. Collagen/hyaluronic acid composite materials can maintain a moist environment and provide ECM-
like support to enhance fibroblast activity and collagen organization.””’® Nevertheless, single biomaterials often cannot
fully address the multiple pathological loops of diabetic wounds, including persistent inflammation, oxidative stress,
angiogenesis impairment, and biofilm-associated infection. Therefore, current research is shifting toward multifunctional
composite systems that integrate biomaterials with active components such as antimicrobial nanoparticles, growth
factors, antioxidants, nitric oxide donors, or exosomes.

Overall, biomaterials have evolved from passive dressings into active platforms capable of regulating the wound
microenvironment. Future development should focus on optimizing degradation kinetics, improving responsiveness,
enhancing biosafety, and integrating multifunctional therapeutic modules while maintaining manufacturability and
clinical usability.

Joint Application and Advantages of Exosomes and Biomaterials

In diabetic skin infections, the combined use of exosomes and biomaterials has developed from a simple delivery-
enhancement strategy into a multifunctional approach that integrates infection control and tissue regeneration. Early
studies mainly focused on improving the poor retention and stability of exosomes in chronic wounds. Because diabetic
wounds are often characterized by abundant exudate, high protease activity, and excessive ROS accumulation, directly
applied exosomes are easily diluted, degraded, or cleared from the wound site. Local retention and sustained release
therefore became key design goals. Incorporating MSC-derived exosomes into ECM-based materials or natural polymer
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hydrogels can physically retain exosomes, protect their bioactivity, and extend their therapeutic window. For example,
integrating adipose-derived stem cell (ADSC) exosomes into ECM hydrogels improved the inflammatory state of
diabetic wounds and promoted collagen deposition and skin regeneration.”

With increasing understanding of infected diabetic wounds, it has become clear that prolonging exosome retention
alone is insufficient to address bacterial load, immune imbalance, hypoxia, oxidative stress, and impaired regeneration.
Recent studies have therefore begun to integrate antimicrobial, antioxidant, immune-regulatory, oxygen-generating, and
responsive-release modules into exosome—biomaterial systems. In these designs, biomaterials not only serve as carriers
but also actively participate in microenvironment regulation. For example, in an MRSA-infected diabetic wound model,
a multifunctional hydrogel with bacterial membrane interference and ROS-responsive release properties enhanced
exosome release during the infection phase, reduced bacterial burden, and improved wound healing outcomes.*

The advantages of exosome—biomaterial systems arise from their complementary functions. Biomaterials improve the
spatial and temporal presentation of exosomes by enhancing retention, controlling release, and providing structural
support. Exosomes, in turn, provide biological signals for immune regulation, angiogenesis, fibroblast activation, ECM
remodeling, and epithelial regeneration. This division of labor is particularly important in infected diabetic wounds,
where infection control and tissue regeneration must be coordinated rather than treated as separate processes. Overall, the
field is shifting from simple exosome delivery toward multifunctional platforms that actively remodel the infected
diabetic wound microenvironment. Exosomes are no longer only independent pro-repair signals, and biomaterials are no
longer only passive carriers. Instead, their combination provides a coordinated therapeutic strategy that integrates
antibacterial activity, immune regulation, oxidative stress control, angiogenesis, and tissue reconstruction.

Exosome-Biomaterial Combined Strategies Based on Local Microenvironment

Remodeling

Among existing strategies, hydrogels remain the most common delivery form for exosome-based treatments. Their
clinical advantages lie not only in maintaining a moist, closed environment to reduce the risk of contamination and
secondary infections but also in significantly improving exosome retention and stability at the wound site due to their
network structure. Hydrogels can also adapt to irregular wounds and dynamic stress environments through features such
as injectability, in situ gelation, and self-healing. Studies focusing on ECM/matrix-based strategies emphasize the
importance of reconstructing a tissue-like microenvironment. In these approaches, exosomes do not act alone but
function within the adhesive sites, mechanical support, and degradable matrix provided by the material. This enhances
cell recruitment, inflammation alleviation, and tissue remodeling. For example, integrating adipose-derived MSC
exosomes into ECM hydrogels improves the inflammatory state of diabetic wounds and promotes collagen deposition
and re-epithelialization, thereby accelerating skin regeneration (Figure 2A).”° Similarly, combining endothelial cell-
derived exosomes with ADM-derived composite hydrogels strengthens diabetic wound angiogenesis and tissue remodel-
ing through matrix support and angiogenesis signaling (Figure 2B).*' Recent material designs have also focused on
optimizing pore structures, cell infiltration, and exudate management. For example, a microporous soybean protein
hydrogel with EGCG regulates pore structure while managing local inflammation and infection risks, providing
a favorable “repair-like microenvironment” for exosome entry and epithelial regeneration, thus enhancing re-
epithelialization and healing quality in chronic, high-risk wounds (Figure 2C).** These results indicate that hydrogels
are evolving from focusing on retention time to rebuilding a renewable microenvironment, making exosome activity
easier to translate into observable histological improvements.

In infection-related scenarios, hydrogel systems are following a platform-based trend, where exosome delivery is
closely integrated with material properties, such as antibacterial, antioxidant, and microenvironment-responsive release.
This allows for dynamic adjustment of treatment intensity based on the lesion status. For example, an adaptive release
system for MRSA-infected diabetic wounds integrates bacterial membrane interference and ROS-responsive release
mechanisms into the hydrogel network, realizing a strategy where the release is stronger during higher infection loads,
providing comprehensive intervention tailored to the disease course (Figure 2D).*" Similarly, a live microalgae-hydrogel
system uses light-responsive mechanisms to achieve photothermal sterilization, continuous oxygen supply, and
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Figure 2 Exosome—biomaterial combinatorial strategies centered on local microenvironment reprogramming: functional expansion of hydrogels from delivery depots to
microenvironment-modulating platforms. (A) Adipose-derived MSC exosomes integrated with ECM-/matrix-mimetic hydrogels. In situ gelation improves conformal
coverage and enables sustained release, attenuating inflammation while promoting collagen deposition and re-epithelialization in diabetic wounds, thereby improving skin
regeneration outcomes.”” (B) Endothelial cell-derived exosomes combined with an ADM-derived composite hydrogel. The coupled effects of matrix support and pro-
angiogenic signaling enhance neovascularization and accelerate tissue remodeling.®' (C) A microporous soy-protein injectable hydrogel with pore architecture tuned by
EGCG to optimize exudate management while mitigating local inflammatory/infectious risk. This structural microenvironment facilitates exosome-supported cell infiltration
and epithelial repair, improving re-epithelialization and healing quality in high-risk chronic wounds.®? (D) An adaptive-release hydrogel for MRSA-infected diabetic wounds
that couples bacterial membrane disruption with ROS-responsive release, enabling infection-burden—aligned enhancement of exosome delivery and more appropriately
scaled intervention intensity across infection control and regenerative progression.®® (E) A living microalgae—hydrogel system enabling light-triggered, phase-tailored
intervention: photothermal activity reduces bacterial burden, sustained oxygen generation alleviates hypoxia, and induced/concomitant release of antioxidant vesicles
suppresses ROS accumulation, collectively facilitating the transition of infected diabetic wounds toward a regenerative phase.®> (F) A self-healing injectable dynamic oxidized
xanthan gum network co-delivering exosomes and matrine. By maintaining dressing integrity and providing coordinated antibacterial, immunomodulatory, and pro-angiogenic
actions, this platform further optimizes the local microenvironment and repair outcomes in high-risk wounds.®*
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antioxidant vesicle release, addressing infection, hypoxia, and ROS accumulation while facilitating the transition of
infected diabetic wounds from the inflammation phase to the regeneration phase (Figure 2E).** Furthermore, a self-
healing injectable oxidized yellow original gel system combined with exosomes and matrilin maintains long-term
dressing integrity and improves the wound microenvironment through synergistic effects on antibacterial, immune
regulation, and angiogenesis (Figure 2F).** pH/ROS dual-responsive hyaluronic acid hydrogels loaded with ginseng-
derived exosomes (for a diabetic oral ulcer model) offer a representative paradigm using an acidic, high ROS micro-
environment as a release switch, with anti-inflammatory, antioxidant, and tissue regeneration mechanisms highly
analogous to skin infections and high-risk wounds, demonstrating strong migratory validation potential.*® Similarly, pH-
responsive hydrogels delivering curcumin-pretreated MSC exosomes further exemplify the enhanced exosome potency
and material delivery enhancement strategy.*® Additionally, sprayable/rapidly formable exosome hydrogels for clinical
irregular wounds use photopolymerization to achieve rapid coverage with adjustable release cycles, offering stable
synergy in infection risk control, antioxidant effects, and angiogenesis.®” Overall, hydrogels in these combined strategies
have evolved from focusing on exosome retention and stability to providing tissue-like support and synergistically
regulating infection-related microenvironments, enabling exosome activity to transition more efficiently from molecular
signaling to inflammation alleviation, angiogenesis, and tissue remodeling endpoints (Table 1).*®

Exosome Delivery Systems Optimized for Clinical Operations and Delivery Efficiency
In contrast to hydrogel-based platforms, which primarily emphasize prolonged retention and modulation of the wound
microenvironment, device-enabled dressings and structured delivery systems are designed to more directly address key
bottlenecks in clinical wound care. These include insufficient delivery depth, incomplete coverage of irregular wound
geometries, increased risk of secondary contamination associated with frequent dressing changes, and constraints
imposed by patient adherence. Accordingly, the translational value of this technology class is often reflected in integrated
gains across therapeutic efficacy, operational feasibility, and safety (Table 2).

Microneedle patches represent a prototypical shift from superficial coverage toward intratissue delivery. A composite
microneedle system based on methacrylated silk fibroin and methacrylated hyaluronic acid, loaded with exosomes,
enables more efficient localized deposition through a microneedle array and enhances angiogenesis and re-
epithelialization, thereby accelerating diabetic wound repair (Figure 3A).* Notably, as infection immunobiology has
become increasingly central to diabetic wound research, device-based platforms have begun to move beyond delivery
enhancement alone. Emerging designs integrate bacteria-responsive signaling with immunomodulatory correction,
approaching a framework more aligned with infection-oriented immunotherapy.

A representative example is the “fate reversal” strategy, which combines exosome-mediated restoration of macro-
phage function with bacteria-responsive release mechanisms within a patch/device platform. This concept underscores
that effective therapy should not only reduce bacterial burden but also rectify hyperglycemia-associated immune
dysfunction and persistent inflammation, thereby establishing a more robust biological basis for simultaneous infection
control and regenerative progression (Figure 3B).”® In addition, although the “Multifaceted Microneedle Patch” does not
primarily use exosomes as its payload, it exemplifies a design paradigm in which device-enabled delivery is coupled with
microenvironmental responsiveness and phase-tailored multimodal interventions. This paradigm is instructive for under-
standing the field’s shift from single-factor pro-repair approaches toward more system-level strategies that balance
infection management with regeneration (Figure 3C).”?

By comparison, membrane materials and nanomembrane dressings prioritize rapid coverage and barrier protection, offering
clear advantages in scalability and compatibility with routine nursing workflows. A chitosan-based nanomembrane integrating
nanovesicles derived from aloe vera, neem, and ginger aims to reduce contamination and bacterial colonization through barrier
function and moisture management, while leveraging vesicle-associated bioactivity to support tissue repair (Figure 3D).”" It
should be noted, however, that evidence supporting plant-derived vesicles/extracellular vesicles for wound healing remains
constrained by translational challenges, including limited standardization of sources and manufacturing processes, incomplete
attribution of active components and mechanisms, lack of unified dose-metrics and quality-control criteria, and difficulties in
ensuring batch-to-batch consistency. Therefore, evaluation of such systems should explicitly weigh their manufacturability and

workflow compatibility against persistent barriers in source standardization and quality assurance.”®
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Table | Exosome-Biomaterial Combined Strategies Based on Local Microenvironment Remodeling

improved tissue
barrier

angiogenesis,
collagen deposition

Exosome Biomaterial Functional Infection Model Stimuli- Anti-Infection Repair Main Biological Key References
Source Carrier Modification Responsiveness | Mechanism Mechanism Functions Outcomes
ADSC-derived | Injectable ECM-assisted Diabetic wound Enzyme- Indirect anti- Promotes Anti-inflammatory, Accelerated [79]
exosomes thermosensitive | sustained (infection-prone) degradable infection via fibroblast and pro-angiogenic, ECM | wound closure
ECM hydrogel exosome inflammation keratinocyte remodeling and skin
release attenuation and migration, regeneration
improved tissue angiogenesis,
barrier collagen deposition
Endothelial ADM-GelMA Fe3'— Infected diabetic Sustained release | Fe**-mediated Strong angiogenic Antibacterial, Improved [81]
cell exosomes composite polyphenol wound antibacterial stimulation and antioxidant, vascularization
hydrogel antibacterial activity and ROS | matrix remodeling | angiogenesis and wound
network scavenging quality
MSC-derived Multifunctional Self-adaptive MRSA-infected ROS-responsive CP-mediated M2 macrophage Antibacterial, Rapid repair of | [80]
exosomes hydrogel exosome diabetic wound bacterial polarization, immunomodulation, | infected
release membrane angiogenesis, re- angiogenesis wounds
disruption and epithelialization
ROS-dependent
release
MSC-derived Self-healing Matrine + g-PL | Infected diabetic pH-responsive e-PL/matrine Immune Antibacterial, anti- Enhanced [84]
exosomes injectable OXG/ | co-loading wound synergistic microenvironment | inflammatory, healing under
&-PL hydrogel antibacterial remodeling and angiogenesis infection
effect angiogenesis
Curcumin- Injectable pH- Exosome Diabetic wound pH-responsive Indirect infection | Enhanced Anti-inflammatory, Improved [86]
preconditioned | responsive potency suppression via endothelial and pro-angiogenic repair efficacy
MSC hydrogel enhancement ROS and fibroblast activity
exosomes by inflammation
preconditioning reduction
Ginseng- pH/ROS dual- EGCG- Diabetic oral ulcer | pH/ROS- ROS scavenging Accelerated Anti-inflammatory, Faster ulcer [85]
derived responsive HA enhanced (infection-related responsive and inflammation | epithelial mucosal repair healing
exosomes hydrogel dynamic microenvironment) attenuation regeneration
network
ADSC-derived | Injectable ECM-assisted Diabetic wound Enzyme- Indirect anti- Promotes Anti-inflammatory, Accelerated [79]
exosomes thermosensitive | sustained (infection-prone) degradable infection via fibroblast and pro-angiogenic, ECM | wound closure
ECM hydrogel exosome inflammation keratinocyte remodeling and skin
release attenuation and migration, regeneration
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Table 2 Exosome Delivery Systems Optimized for Clinical Operations and Delivery Efficiency

Exosome Biomaterial Functional Infection | Stimuli- Anti-Infection Repair Main Key References
Source Carrier Modification Model Responsiveness | Mechanism Mechanism Biological Outcomes
Functions
MSC- Sprayable Tunable Infected Light-controlled Physical barrier protection Enhanced Antibacterial, Rapid healing [87]
derived photocrosslinkable | crosslinking for diabetic with auxiliary antibacterial angiogenesis and angiogenesis of irregular
exosomes hydrogel controlled wound components fibroblast migration wounds
release
MSC- SerMA/HAMA Transdermal Diabetic Mechanical Reduced infection risk via Enhanced local Pro-angiogenic, | Accelerated [89]
derived composite localized wound insertion faster wound closure angiogenesis and re- | anti- wound repair
exosomes microneedle patch exosome epithelialization inflammatory
delivery
Engineered Bacteria-responsive | Antibiotic Infected Bacteria- Antibiotic-triggered Restored Antibacterial, Improved [90]
exosomes microneedle patch | loading + diabetic responsive bacterial killing macrophage immunotherapy | infection
immune wound phagocytic function control and
rejuvenation healing
Plant- Chitosan-based Aloe/Neem/ Infected Passive Chitosan barrier combined | Enhanced epithelial Antibacterial, Faster wound [°oN
derived nanomembrane Ginger vesicle diabetic with plant-derived regeneration anti- closure
nanovesicles incorporation wound antimicrobial activity inflammatory
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Figure 3 Device-enabled and structured exosome delivery systems: optimization for clinical handling and localized delivery efficiency. (A) An exosome-loaded SIIMA/HAMA
composite microneedle patch enables intratissue delivery via a microneedle array, increasing effective deposition and local bioavailability of exosomes within wound tissue.
This enhances angiogenesis and re-epithelialization, thereby accelerating diabetic wound repair.89 (B) A “fate reversal” patch platform couples exosome-mediated
restoration of macrophage function/phenotypic correction with bacteria-signal—triggered responsive release, enabling parallel control of infectious burden and correction
of immune dysfunction. This design supports the transition of infected diabetic wounds from an infllammatory state toward regenerative healing.90 (C) A multifactor-
integrated microneedle patch exemplifies a design paradigm that combines device-based delivery, microenvironment responsiveness, and phase-tailored combination therapy
within a single platform. By orchestrating infection control, inflammation modulation, and regenerative promotion in a time-resolved manner, it provides a reference
blueprint for system-level integration along device-enabled routes.”® (D) A chitosan-based nanomembrane dressing incorporating nanovesicles derived from aloe vera, neem,
and ginger provides rapid coverage and barrier protection to maintain a moist wound environment and reduce contamination. Vesicle-associated bioactivity further supports
repair-related processes.9'

Long-Acting Dressing Architectures Centered on Hypoxia and Oxidative Stress Regulation
Infected diabetic wounds are frequently characterized by increased exudation, local hypoxia, and sustained oxidative
stress. These factors mutually reinforce bacterial colonization, biofilm formation, and inflammatory amplification,
thereby trapping the wound in a maladaptive steady state characterized by high inflammation and limited regeneration.
In this context, three-dimensional porous dressings with prolonged structural stability—such as cryogels and porous
scaffolds—offer distinctive advantages over extended time scales. Porous architectures facilitate exudate handling, gas
exchange, and cellular infiltration, while also providing an appropriate reservoir for oxygen-generating, antioxidant, and
antibacterial modules. These functional components can act in sustained synergy with the immunoregulatory and pro-
regenerative signaling of exosomes, reducing the ongoing microenvironmental damage that otherwise perpetuates
impaired healing.

The OxOBand cryogel exemplifies this approach by integrating exosome delivery with oxygen release as well as
antioxidant and antibacterial functionality, directly targeting the interconnected barriers of hypoxia, reactive oxygen
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species burden, and infection. This multimodal design demonstrates enhanced overall reparative performance in both
diabetic and infected wound settings (Figure 4A).”* Similarly, a HA@MnO,/FGF-2/exosome composite hydrogel
mitigates persistent oxidative stress in hyperglycemic conditions via MnO,-mediated reactive oxygen species scavenging
and oxygen generation. In parallel, staged release of exosomes and FGF-2 supports a stepwise regulatory trajectory
encompassing cytoprotection, angiogenesis enhancement, and matrix remodeling, ultimately improving neovasculariza-
tion and the quality of collagen deposition in oxidative diabetic wounds (Figure 4B).”

Within porous sponge/scaffold systems, a gallium/chitosan/silk fibroin/umbilical cord MSC exosome composite
couples the sustained antibacterial effect of Ga®" with the pro-angiogenic and pro-matrix remodeling activity of
exosomes. By leveraging porous structure to improve ventilation and exudate control, this design achieves a more stable
balance between infection-risk containment and repair quality.”® Overall, long-acting three-dimensional porous dressings
use structural support, exudate and gas-exchange management, and sustained-release capacity as foundational features,
enabling prolonged coupling of oxygenation, antioxidation, and antibacterial modules with exosome-driven immunomo-
dulatory and regenerative signaling. This design logic aligns closely with the chronic, intertwined nature of hypoxia,
oxidative stress, and infection in diabetic wounds. At the same time, device form factors and compatibility with care
pathways—coverage, fixation, replacement frequency, and adherence—are increasingly recognized as essential criteria
for translational assessment of these systems (Table 3).””

Engineered Exosomes and Nano-Integrated Multifunctional Platforms

As therapeutic objectives advance from promoting closure to achieving stronger efficacy, higher precision, and phase-
matched coordination between infection control and regeneration, engineered exosomes and nanocomposite systems are
emerging as a key toolbox for multi-target intervention. One representative route involves integrating inorganic or two-
dimensional materials with exosomes, thereby combining material-derived antibacterial, antioxidant, or triggerable
physical effects with exosome-mediated immunomodulation and pro-angiogenic activity. Such combinations offer
a materials-enabled strategy to address the mechanistic coupling of infection susceptibility and impaired regeneration.

For example, MXene—-M?2 exosome nanocomposites emphasize immune microenvironment restoration under hyper-
glycemia-induced immunosuppression while promoting angiogenesis, providing a plausible material implementation of
coordinated immune correction and regenerative enhancement in infection-prone diabetic wounds (Figure 5A).”
Similarly, covalent organic framework (COF)-based engineered exosome-integrated nanoformulations reflect an increas-
ingly platform-oriented direction, using tunable nanoscaffolds to synergize exosome immunomodulation with antibacter-
ial and antioxidant capacity for comprehensive treatment of diabetic ulceration and infection risk (Figure 5B).” In
a related design, gold nanorods combined with M2 macrophage-derived exosomes yield a near-infrared-responsive
composite in which photothermal antibacterial activity is coupled with exosome-driven immunoregulation and angiogen-
esis, illustrating a trigger-enabled route to synchronize infection suppression with regenerative progression
(Figure 5C).'% Phase-tailored delivery concepts also recur in this space; for instance, “all-in-one” systems that
temporally program exosome and FGF release while incorporating antioxidant modules highlight the value of treatment
choreography aligned with wound-healing dynamics.”

Another major direction uses composite nanoparticles as integrated carriers for antibacterial, anti-inflammatory, and
pro-angiogenic functions, leveraging multicomponent synergy to achieve multi-objective intervention in infected diabetic
wounds (Figure 5D).'°! Meanwhile, from a source and manufacturability perspective, the introduction of exosome
mimetics and immune cell-derived vesicles reflects practical needs for higher yield, functional stability, and robust
antimicrobial performance in infection settings. For example, activated neutrophil exosome mimetics combined with an
ECM hydrogel aim to mitigate limitations in exosome yield and batch variability while incorporating innate immune-
associated antibacterial effects to support infected wounds (Figure 5E).'%? Engineered nanovesicles enriched in bacter-
icidal proteins further advance the concept of “molecular debridement”, emphasizing direct antimicrobial activity and
removal of infection-associated detrimental factors (Figure 5F).'%?

In the context of drug-loaded exosomes, antibiotic-loaded formulations (eg, gentamicin-loaded exosomes) represent
a plausible strategy to improve infection control by enhancing local drug enrichment while reducing systemic exposure,
effectively extending exosomes from passive signaling carriers to active drug-delivery units.'®* Beyond small-molecule
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Figure 4 Long-acting dressings targeting hypoxia and oxidative stress: three-dimensional porous architectures enable exudate management and sustained functional
coupling. (A) OxOBand cryogel, as a three-dimensional porous, long-acting dressing, integrates exosome delivery with sustained oxygen release and antioxidant/antibacterial
modules. This platform alleviates the coupled microenvironmental constraints of hypoxia, ROS accumulation, and bacterial burden in infected diabetic wounds, thereby
supporting infection control and tissue repair over an extended therapeutic time window.”* (B) A HA@MnO,/FGF-2/exosome composite system improves hyperglycemia-
associated oxidative stress and hypoxia through MnO,-mediated ROS scavenging and in situ oxygen generation. Coupled with phase-programmed release of exosomes and
FGF-2, it enables a stepwise regulatory trajectory spanning antioxidant protection, angiogenesis enhancement, and matrix reconstruction, ultimately improving neovascular-
ization and the quality of collagen deposition in oxidative diabetic wounds.”
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Table 3 Long-Acting Dressing Architectures Centered on Hypoxia and Oxidative Stress Regulation

Exosome Biomaterial Functional Infection | Stimuli- Anti-Infection Mechanism | Repair Main Key References
Source Carrier Modification Model Responsiveness Mechanism Biological Outcomes

Functions
ADSC- Oxygen- Sustained oxygen Infected Sustained release | Oxygen-enhanced immune Promoted Oxygenation, Improved [94]
derived releasing cryogel | and antioxidant diabetic clearance and antioxidant angiogenesis and anti-ROS, healing under
exosomes (OxOBand) release wound protection epithelialization angiogenesis hypoxia
hUCMSC- Ga**/chitosan/ Sustained Infected Sustained release | Ga®" disrupts bacterial Angiogenesis and Antibacterial, Enhanced [96]
derived silk sponge antibacterial ion diabetic metabolism collagen deposition | angiogenesis healing quality
exosomes scaffold release wound
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Figure 5 Engineered exosomes and nano-integrated platforms: multifunctional coupling for coordinated infection—regeneration intervention. (A) A MXene—M2 macrophage—derived
exosome nanocomposite integrates the physicochemical attributes of a two-dimensional material with exosome-mediated immunoregulatory and pro-angiogenic signaling. By correcting
hyperglycemia-associated immune dysregulation and promoting angiogenesis, this platform improves the local immune microenvironment for intervention in infection-prone diabetic
wounds.” (B) A COF-engineered exosome-integrated nanoplatform leverages a tunable framework to stabilize delivery and amplify exosome bioactivity, while adding material-enabled
antibacterial and antioxidant functions for an integrated, multifunctional treatment of diabetic ulceration and infection-risk wounds.”® (C) A near-infrared (NIR)-responsive composite
assembled from gold nanorods and M2-derived exosomes enables photothermally triggered rapid antibacterial activity and biofilm perturbation, synergizing with exosome-driven
immunomodulation and angiogenesis to concurrently reinforce infection control and regenerative progression.'® (D) Composite nanoparticles function as integrated carriers that
combine antibacterial, anti-inflammatory, and pro-angiogenic activities. Multicomponent synergy supports multitarget intervention while improving local effective exposure and temporal
alignment of therapeutic actions.'®' (E) An ECM-mixed hydrogel incorporating activated neutrophil exosome mimetics addresses limitations in natural exosome yield and batch
consistency by using a manufacturable, high-output mimetic source, while introducing innate immune-linked antibacterial effects; the ECM component further contributes tissue
compatibility and regenerative support.'® (F) Engineered nanovesicles enriched in bactericidal proteins emphasize direct neutralization or clearance of bacteria and infection-associated
harmful factors/pro-inflammatory mediators, thereby dampening infection-driven inflammatory amplification and facilitating progression toward a regenerative phase.'” (G) Responsive
materials and microcarriers are employed to enhance lesion-matched release and stabilize local bioactivity of exosome delivery. For example, glycyrrhizic acid hydrogel microparticles
encapsulating MSC exosomes enable more controllable release under hyperglycemic conditions, prolonging effective exposure and maintaining a sustained therapeutic window.'®
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loading, nucleic acid delivery via exosomes is also entering the diabetic wound arena. For instance, milk-derived
exosomes delivering siRNA targeting KEAP1 modulate oxidative stress through the Keapl/Nrf2 pathway and promote
angiogenesis and repair, highlighting an alternative advantage of scalable sourcing combined with programmable
function.'®> Other approaches, such as glycyrrhizic acid hydrogel microparticles encapsulating MSC exosomes and
glucose-responsive hydrogels carrying exosomes, address the constraints imposed by hyperglycemic microenvironments
on release kinetics and therapeutic efficiency at the carrier-material level (Figure 5G).'%%'%7

Collectively, these studies illustrate a broader transition in which exosomes are evolving from relatively passive
bioactive signal carriers into designable, programmable therapeutic units. Through engineered loading (small molecules
or nucleic acids), manufacturability supplementation via exosome mimetics or immune cell-derived vesicles, and
functional coupling with inorganic/two-dimensional or triggerable responsive materials, exosome-based therapies gain
expanded capacity for phase-matched, multi-target synergy. This shift provides greater therapeutic programmability for
concurrent infection control and tissue regeneration (Table 4).

Comparison of Biomaterial Platforms for Exosome Delivery

The preceding sections highlight that biomaterials should not be viewed merely as passive carriers for exosomes, but as
therapeutic interfaces that determine where, when, and how exosomal signals are presented within diabetic infected
wounds. The key distinction among different biomaterial platforms lies not only in their composition, but also in the
delivery problems they are designed to solve. Hydrated networks such as hydrogels primarily address the rapid loss,
dilution, and proteolytic degradation of exosomes by improving local retention and enabling sustained release. Hydrogel-
based exosome systems have therefore been widely explored for diabetic wound repair because they can combine vesicle
protection with moist wound management and conformal wound coverage.'®® However, this advantage is often counter-
balanced by limited mechanical robustness, unstable adhesion in highly exudative wounds, and batch variability when
naturally derived polymers are used. Thus, hydrogels are best understood as retention- and release-oriented platforms
rather than universally applicable solutions.

By contrast, microneedle patches, films, membranes, cryogels, porous scaffolds, and nano-integrated systems each
occupy different positions along the axes of delivery depth, structural support, operational simplicity, and biological
functionality. Microneedles can overcome the superficial distribution of topically applied exosomes by enabling localized
intradermal or intratissue deposition, but their utility may decrease in large, deep, fragile, or heavily infected wounds where
patch fixation and reliable insertion are difficult. Membrane and film-like dressings are more compatible with routine
clinical wound care because they provide barrier protection, reduce external contamination, and simplify dressing handling,
yet they generally offer weaker control over deep delivery and active microenvironmental remodeling. Porous scaffolds and
cryogels provide a more durable three-dimensional niche for exudate management, gas exchange, cellular infiltration, and
prolonged release, making them conceptually attractive for hypoxic or highly exudative chronic wounds. Their greater
structural complexity, however, may complicate storage, sterilization, bedside application, replacement, and scale-up.

A more critical issue is whether increasingly complex biomaterial systems necessarily translate into better therapeutic
platforms. Nanocomposite and stimulus-responsive materials can integrate antibacterial, antioxidant, photothermal, pH-
responsive, ROS-responsive, or glucose-responsive functions with exosome-mediated immunomodulation and regenera-
tion. Such designs are particularly relevant to infected diabetic wounds, where bacterial burden, oxidative stress, hypoxia,
and impaired tissue repair coexist. Engineered MSC-derived exosome strategies have increasingly been combined with
biomaterials to overcome poor targeting, rapid clearance, low local concentration, and limited exosome yield.'®
Nevertheless, functional integration also raises the translational threshold. Each additional module may introduce new
uncertainties related to long-term biosafety, degradation-product toxicity, immune response, manufacturing reproduci-
bility, regulatory classification, and cost-effectiveness. Therefore, a highly multifunctional system is not necessarily
superior to a simpler platform if its added functions do not match the dominant pathological barrier of the target wound.

From a translational perspective, the selection of biomaterials for exosome delivery should shift from a material-
centered strategy to a wound-phenotype-oriented strategy. Irregular and moderately exudative wounds may benefit most
from adhesive or injectable hydrogels that prioritize retention and sustained release. Superficial or localized wounds may
be more suitable for microneedle-based delivery when controlled tissue penetration is required. Wounds requiring

20 https: International Journal of Nanomedicine 2026:21



1:970T QUIDIPaWOUEN JO [euJnof [BuoneuIIu|

:sdyy

1T

Table 4 Engineered Exosomes and Nano-Integrated Multifunctional Platforms

acid moiety

controlled release

ECM deposition

conditions

Exosome Biomaterial Functional Infection | Stimuli- Anti-Infection Repair Main Biological Key Outcomes | References
Source Carrier Modification Model Responsiveness | Mechanism Mechanism Functions
M2 MXene-based Immune Diabetic Sustained release | Broad-spectrum Enhanced Immunomodulation, | Restored [98]
macrophage nanocomposite | microenvironment | wound antibacterial tendency | angiogenesis via angiogenesis immune balance
exosomes reconstruction immune
correction

Engineered Reductive Antibacterial Infected Redox- Material-assisted Angiogenesis and | Antibacterial, Synergistic [99]
exosomes COF-integrated | nanoplatform diabetic responsive antibacterial action matrix regeneration wound repair

nanoagent wound remodeling
MSC-derived Multifunctional | Antibacterial and Infected Sustained release | Cationic membrane Vascular and Antibacterial, Accelerated [1o1]
exosomes composite angiogenic diabetic disruption matrix angiogenesis wound closure

nanoparticles modules wound regeneration
Neutrophil- ECM hybrid Enriched Infected Sustained release | Direct bacterial killing | VEGF-mediated Antibacterial, pro- Improved [102]
derived injectable bactericidal diabetic angiogenesis angiogenic infected wound
exosome hydrogel proteins wound repair
mimetics
Neutrophil- Vesicle therapy | Molecular Infected Passive Bactericidal protein- Reduced Antibacterial, Infection [103]
derived debridement wound mediated clearance inflammation and | immunomodulation resolution
nanovesicles capability tissue repair
Milk-derived Exosome siRNA-KEAPI Diabetic Redox-pathway Indirect infection Nrf2-mediated Antioxidant, Improved wound | [105]
exosomes carrier loading wound targeting suppression via ROS angiogenesis angiogenesis healing

regulation

MSC-derived Glycyrrhizic GA encapsulation Infected Controlled GA-mediated Angiogenesis and | Antibacterial, Enhanced repair [102]
exosomes acid hydrogel and controlled wound release antibacterial activity ECM remodeling | regeneration efficacy

microparticles release
MSC-derived HAMA/CSMA/ | Glucose- Diabetic Glucose- High-glucose-adaptive | Sustained Immunomodulation, | Improved healing | [103]
exosomes MPBA hydrogel | responsive boronic | wound responsive antibacterial and angiogenesis and | angiogenesis in hyperglycemic
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frequent nursing care may favor membrane or film dressings because of their handling simplicity and barrier function.
Hypoxic, highly exudative, or structurally unstable wounds may require porous scaffolds or cryogels that provide fluid
handling, oxygen exchange, and mechanical support. In contrast, wounds dominated by bacterial biofilm, excessive ROS,
or dynamic pH/glucose changes may justify the use of responsive or nanocomposite platforms. This scenario-based
framework helps avoid the assumption that the most complex material is the most effective one and instead emphasizes
rational matching between wound pathology, exosome function, material properties, and clinical workflow. In brief, for
irregular and moderately exudative wounds, injectable or self-healing hydrogels are preferred due to conformal coverage
and sustained retention; for superficial wounds requiring localized intradermal delivery, microneedle patches offer better
penetration; for wounds needing frequent nursing care, membrane or film dressings provide simplicity and barrier
protection; for hypoxic or highly exudative wounds, porous scaffolds or cryogels enable exudate management and gas
exchange; and for wounds dominated by biofilm or excessive ROS, responsive or nanocomposite systems, despite higher
translational complexity, provide on-demand multi-target synergy.

Synergistic Anti-Infective and Reparative Mechanisms of Exosome-

Biomaterial Combinatorial Therapies

Infected diabetic wounds—particularly diabetic foot infection—exhibit a convergence of pathological features, including high
bacterial burden with biofilm homeostasis, increased exudation, persistent hypoxia, elevated oxidative stress, and dysregulated
immune responses. These characteristics impose an intrinsically “dual-objective” therapeutic architecture: rapid suppression
of the pathogen niche and interruption of infection-amplifying loops at the early stage, followed by restoration of immune—
regenerative coupling to drive vascularization and structural tissue reconstruction in subsequent phases. Consequently,
synergy in exosome—biomaterial combination strategies should not be viewed as a simple additive overlay of exosomal and
material functions. Rather, it reflects division of labor and coordinated coupling within the same spatial domain: biomaterials
provide immediately deployable and tunable antibacterial/anti-biofilm pressure and microenvironmental correction, whereas
exosomes—operating under a reduced infectious burden—reshape immune trajectories and sustain pro-angiogenic, pro-
matrix remodeling, and pro-epithelialization signaling. Together, these mechanisms reduce relapse risk while improving
reconstruction quality and the predictability of healing outcomes (Figure 6).

Synergistic Anti-Infective Mechanisms in Exosome—Biomaterial Systems

The refractoriness of infected diabetic wounds reflects not only pathogen burden, but also diabetes-driven defects in local
immune clearance and delayed execution of reparative programs. Together, these host—pathogen constraints stabilize an
infection-permissive niche marked by enhanced bacterial adhesion, biofilm persistence, and self-sustaining inflammation.
In this context, exosome—biomaterial combinations are increasingly designed as a staged, mechanistically coupled
intervention: biomaterials provide early, controllable antibacterial and anti-biofilm pressure to open a lower-burden
therapeutic window; immune cell-derived or engineered vesicles can add innate-like clearance functions to accelerate
removal of pathogens and damage-associated inflammatory cues; and microenvironment-responsive release architectures
align dosing intensity with the evolving infection trajectory, enabling phase-tailored delivery while exosome-mediated
immune reprogramming restores host-level anti-infective competence and shifts the system from external killing toward
infection-niche correction.

Direct Bactericidal and Anti-Biofilm Effects: Biomaterial-Enabled Rapid Control as the Foundation for Synergy
In most combinatorial designs, direct antimicrobial intervention is placed at the front end of the therapeutic sequence to
rapidly reduce bacterial load, destabilize biofilms, and attenuate inflammatory drivers, thereby enabling a more con-
trollable window for exosome-mediated immune remodeling and regenerative progression. Photothermal modules
represent a prototypical “instant-on” bactericidal modality. When M2-derived exosomes are integrated into
a photothermal hydrogel, near-infrared irradiation induces localized hyperthermia that rapidly damages bacteria and
perturbs biofilm architecture. In the subsequent phase, M2-exosome-driven anti-inflammatory and pro-angiogenic effects
further reduce tissue injury and mitigate inflammation amplification, establishing a continuous chain spanning bacterial
control, tissue protection, and regenerative initiation.'” In contrast, metal-ion strategies emphasize sustained
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Figure 6 Evolution of combined exosome and biomaterial application in the treatment of diabetic infected wounds and its synergistic intervention mechanisms. The top section
of the figure first highlights the severe challenges faced in treatment, namely the complex, hostile microenvironment formed by bacterial biofilm colonization (eg, MRSA),
excessive accumulation of reactive oxygen species (ROS), pro-inflammatory cytokine storms, tissue hypoxia, and immune imbalance dominated by M| macrophages. The central
area compares two different strategic pathways: the traditional static delivery model, which treats biomaterials merely as passive exosome carriers that rely on diffusion to
achieve local retention, resulting in relatively singular efficacy, versus the current approach, which has evolved into a dynamic, multifunctional responsive platform. This platform
not only enables on-demand exosome release through ROS or pH-responsive mechanisms specific to the infection microenvironment, but also integrates the antimicrobial
properties of the material itself (eg, using MXene or EGCG to interfere with bacterial membranes) along with engineered exosomes that carry targeted nucleic acids or signaling
molecules. The lower part of the figure clearly elucidates the infection treatment-tissue regeneration synergistic advantage produced by this multifunctional platform: by first
achieving pathogen clearance to reduce the infection load, followed by ROS clearance and oxygen supply to reconstruct the microenvironment, the engineered exosomes
correct immune dysfunction, promote macrophage polarization to the repair-promoting M2 phenotype, and, ultimately, drive robust angiogenesis and high-quality matrix
remodeling based on immune rebalancing, thereby accelerating the high-quality regenerative healing of diabetic chronic wounds.

antimicrobial pressure. For example, gallium ion—composited sponge scaffolds interfere with bacterial metal metabolism
to impose long-term antibacterial constraints, while exosomes promote neovascularization and matrix remodeling,
thereby coupling infection control with reparative advancement in a directionally aligned manner.”®

Beyond photothermal and metal-ion approaches, antimicrobial polymers and bioactive small molecules are often
incorporated to provide relatively mild yet persistent suppression, reducing the probability of recolonization and
stabilizing the wound ecosystem. A self-healing injectable hydrogel incorporating e-poly-L-lysine and matrine can
inhibit bacterial re-adhesion via membrane-disruptive and microenvironment-modulating actions, synergizing with
exosome immunoregulation to facilitate the transition from inflammation to proliferation.* Glycyrrhizic acid hydrogel
microparticles can function as an exosome depot while conferring anti-inflammatory/antimicrobial properties, reducing
infectious pressure without compromising exosome-driven angiogenesis and tissue remodeling capacity.'®® Antibiotic-
loaded exosomes further reflect a strategy of enhanced local enrichment with reduced systemic exposure; for instance,
gentamicin-loaded exosomes increase drug accumulation at the infection focus while lowering systemic burden, thereby
creating a “cleaner” microenvironment for subsequent regeneration and offering a conceptual basis for dose-sparing
without loss of efficacy under antimicrobial-resistance concerns.'® Meanwhile, membrane-based dressings provide an
additional synergy paradigm through combined barrier and antimicrobial functions: chitosan-based nanomembranes
incorporating plant-derived nanovesicles leverage barrier effects to reduce contamination and adhesion opportunities
while using naturally derived bioactivity to attenuate inflammation and support repair.”’
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Importantly, biofilm formation markedly increases the likelihood of antimicrobial failure in infected diabetic wounds.
Accordingly, an increasing number of systems introduce functional moieties that interact with bacterial surface charge or
membrane structure to reduce adhesion and destabilize biofilm integrity. In an adaptive hydrogel designed for MRSA-
infected diabetic wounds, charged groups confer intrinsic antibacterial effects through membrane interaction while
infection-associated cues (eg, ROS) trigger exosome release. This design couples antimicrobial pressure with release

kinetics, enabling tighter matching between infection severity and therapeutic intensity within a single platform.®°

Immune Cell-Derived Vesicles: Innate Antibacterial Programs and “Molecular Debridement”

Beyond MSC-derived exosomes, immune cell-derived vesicles are increasingly explored in infected wound settings,
with their central contribution being the introduction of clearance mechanisms more closely aligned with innate
immunity. This enables more direct pathogen killing and removal of virulence-associated mediators during the early
phase of infection control. Neutrophil-derived exosome mimetics or engineered nanovesicles are often naturally enriched
in bactericidal proteins, generating localized bactericidal pressure accompanied by reduced inflammatory mediator levels
—supporting the concept of “molecular debridement”.'*'> Compared with the typical MSC-exosome functional
spectrum, which tends to emphasize immunoregulation and regeneration, immune cell-derived vesicles prioritize
clearance, detoxification, and removal of key blocks to resolution. Mechanistically, they may accelerate the transition
out of the locked state characterized by persistent inflammation and recurrent infection.

In practice, activated neutrophil-derived exosome mimetics/vesicles supported by material carriers (eg, ECM-mixed
hydrogels) can extend residence time and increase local effective concentration, enabling bacterial control while
preserving the requirements for angiogenesis and tissue reconstruction.'®” Further engineered neutrophil nanovesicles
broaden “molecular debridement” beyond bacterial removal to encompass clearance of necrosis-associated debris,
virulence factors, and pro-inflammatory mediators that sustain chronic infection.'® When combined with ECM hydro-
gels or growth-factor systems, such vesicles often enhance antimicrobial outcomes while promoting vascularization and
tissue rebuilding, suggesting distinctive mechanistic advantages in bridging infection control to repair. More broadly,
these findings reinforce a key principle: therapeutic success in infected diabetic wounds depends less on maximal
bactericidal intensity per se than on simultaneous relief of the infection niche’s dual suppression of immune competence
and regenerative programming.

Responsive Release: Infection Microenvironment—Triggered on-Demand Dosing

Infected diabetic wounds provide multiple endogenous trigger signals that can be leveraged for responsive delivery,
including elevated ROS, acidic pH, increased bacterial-associated molecules/enzymes, and hyperglycemia. The mechan-
istic value of responsive release lies in reconciling two competing needs: high-intensity antimicrobial and immunomo-
dulatory intervention during the infection peak to suppress the pathogen niche, and a subsequent reduction in stimulation
with a shift toward gentler, remodeling-oriented delivery once infection subsides, thereby avoiding excessive stress that
may impede regeneration.

An adaptive exosome-releasing hydrogel for MRSA-infected diabetic wounds exemplifies this strategy. The material
phase provides intrinsic antibacterial and biofilm-weakening effects via charged moieties, while infection-associated cues
such as ROS induce network changes that accelerate exosome release on demand, aligning release kinetics with infection
severity.®® Similarly, self-healing injectable hydrogels employ pH responsiveness to adapt to acidic inflammatory/
infectious microenvironments and achieve co-delivery of antimicrobial polymers/small molecules with exosomes.®
Glucose-responsive hydrogels use hyperglycemia as a trigger variable, aiming to maintain more appropriate local
concentration and release rhythms under high-glucose conditions associated with infection susceptibility.'®’

In addition to endogenous triggers, exogenous triggers can be used to couple clinical operations with release control. For
example, sprayable—photocurable systems can rapidly conform to irregular wounds, with curing conditions tuning network
architecture and degradation to achieve more predictable sustained release while reducing dressing-change frequency and thus
secondary contamination risk.®’ In device-enabled delivery systems, microneedle patches improve local deposition efficiency
via spatially structured delivery, reducing washout by exudates; when combined with bacteria-responsive modules, they
further enable a closed-loop mode in which release intensifies upon infection emergence.****% Overall, responsive release is

24 https: International Journal of Nanomedicine 2026:21



Xiao et al

not merely a controlled-release tactic; it operationalizes infection-course dynamics into programmable modulation of
therapeutic intensity, improving the reliability of combined infection suppression and regenerative progression.

Immunomodulation: Exosome-Dominated Indirect Anti-Infective Mechanisms

In infected diabetic wounds, persistence is often not determined solely by bacterial load but is tightly linked to immune
dysregulation. Convergent evidence indicates that exosomes can downregulate pro-inflammatory mediators, shift macro-
phages from a sustained M1-like inflammatory state toward an M2-like reparative phenotype, and improve endothelial
function and angiogenesis. Through these effects, exosomes restore local anti-infective resilience and reduce the probability of
infection chronicity. Even when studies do not employ strict bacterial inoculation models, improvements in the infection-
prone microenvironment of diabetic wounds can serve as mechanistic evidence supporting indirect anti-infective benefit.

For example, studies on hUCMSC-derived exosomes for diabetic wound repair often highlight attenuation of
oxidative stress, promotion of angiogenesis, and improvement of inflammatory status, collectively reducing the risk of
secondary infection associated with prolonged wound openness.''® An ADSC-exosome plus ECM hydrogel system
similarly reflects a logic in which inflammation reduction, angiogenesis enhancement, and barrier reconstruction shorten
the infection-susceptible window.” Endothelial cell exosomes combined with an ADM composite hydrogel further
emphasize perfusion restoration and structural remodeling, thereby strengthening infection resistance via microenviron-
mental improvement.®’

In work emphasizing correction of immune imbalance, MXene-M2 exosome nanocomposites are used to reconstruct
hyperglycemia-induced immunosuppression while promoting angiogenic repair, based on the notion that the diabetic
state features coexisting immunosuppression and chronic inflammation that compromises bacterial clearance; immune
microenvironment remodeling can therefore mechanistically suppress infection persistence.’® The “fate reversal” strategy
further elevates immune restoration as a central anti-infective pillar, combining exosome-driven macrophage functional
recovery with bacteria-responsive release modules, shifting the anti-infective paradigm from exogenous sterilization
toward a dual-engine approach of host immune restoration plus targeted antibacterial intervention.”® Collectively, these
data suggest that the critical anti-infective contribution of exosomes is not direct bactericidal activity, but the reprogram-
ming of immune trajectories and reconstruction of tissue barriers that systemically reduce relapse vulnerability.

Microenvironmental Reprogramming: From Bacterial Killing to Correction of the Infection Niche

Beyond direct antimicrobial effects, a parallel core pathway in combinatorial systems involves correction of the infection
microenvironment. In diabetic wounds, persistently high ROS, hypoxia, and chronic inflammation not only directly
damage tissue and delay repair but also markedly impair phagocyte bactericidal capacity and angiogenic efficiency,
thereby sustaining an ecosystem favorable to bacterial colonization and biofilm stability. Hypoxia and ROS overload can
be viewed as key amplifiers of infection persistence: hypoxia reduces immune-cell killing efficiency and suppresses
angiogenesis, while ROS overload induces cell death, barrier disruption, and sustained inflammation, ultimately
promoting bacterial adhesion and biofilm maintenance.

Accordingly, multiple studies couple oxygenation/antioxidant modules with exosome delivery—not merely to accel-
erate healing, but to weaken the conditions that sustain the infection niche via microenvironmental resetting. The
OxOBand cryogel integrates sustained oxygen release with antioxidant/antibacterial background functions and exosome-
driven regenerative signaling, providing an integrated intervention against reinforcing pathological loops linking
hypoxia, oxidative stress, and infection; robust composite benefits have been observed in diabetic and infected wound
models.”*!""" A programmable microalgae gel further combines photothermal bacterial control, photosynthetic oxygena-
tion, and antioxidant vesicle release, suggesting that the coupling among oxygen supply, immune functional recovery,
and infection control can be engineered and amplified.*?

At the pathway level, milk-derived exosomes delivering siRNA targeting KEAP1 reduce oxidative stress by modulating
Nrf2-associated antioxidant responses, thereby improving the infection-prone microenvironment and promoting repair. '3
Phase-tailored release strategies for oxidative diabetic wounds (eg, timed release of exosomes and FGF) similarly highlight
that regenerative signaling output is more effective under an attenuated oxidative-stress context, reducing the long-term
constraints imposed by persistent inflammation and infection risk.”” Relatedly, engineered exosomes combined with
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reductive COF nanoagents and multifunctional composite nanoparticle systems integrate antioxidant, immunomodulatory,
and antibacterial modules at different levels, increasing the certainty of transition from inflammation to regeneration in
infected wounds.””'°" A study using a polyphenol-modulated microporous soy protein injectable hydrogel loaded with
placental stem cell exosomes underscores that structural and chemical microenvironment engineering can jointly establish
a low-inflammation, pro-regenerative niche, supporting chronic wound repair while alleviating infection-associated
blockage.® A pH/ROS dual-responsive hydrogel-exosome combination (in a diabetic oral ulcer model) further indicates
that concurrent regulation of ROS overload and acidification can weaken inflammation—infection amplification loops and
promote regeneration,®> while a pH-responsive system delivering preconditioned MSC exosomes suggests that enhancing
exosome potency together with microenvironment-triggered release may yield more stable efficacy under high oxidative/
inflammatory burden.®® Overall, the mechanistic framework of this direction is shifting from competition over bactericidal
strength toward ecological niche reprogramming—resetting the hypoxia—ROS—inflammation network to reduce the con-
ditions that maintain infection and thereby lowering relapse risk at a system level.

Synergistic Reparative Mechanisms of Exosome—Biomaterial Combination Therapies
The poor healing capacity of infected diabetic wounds stems from concurrent impairment across multiple core reparative
nodes: inflammation fails to resolve in a timely manner and does not effectively transition from the clearance phase to the
reparative phase; angiogenesis and functional reperfusion are insufficient; hypoxia and oxidative stress persist; ECM is
continuously degraded and cannot be efficiently reconstructed. As a consequence, re-epithelialization is delayed, barrier
restoration is protracted, and the wound remains exposed to recurrent infection risk.

Exosome-biomaterial combinations enhance the continuity and reproducibility of repair through two mechanistically
complementary routes. First, biomaterials markedly improve local retention, stability, and controllable release of
exosomes, allowing exosome-mediated immunoregulatory and regenerative cues to overcome the dilution and inactiva-
tion barriers typical of chronic, highly exudative wounds. Second, biomaterials provide structural support and can
integrate antibacterial, antioxidant, oxygen-generating, or stimulus-responsive modules to correct hostile microenviron-
mental constraints, thereby shifting repair from transient stimulation toward sustained driving forces.

Reprogramming the Immune Microenvironment

In infected diabetic wounds, persistently elevated inflammation not only suppresses the functions of fibroblasts,
keratinocytes, and endothelial cells but also promotes protease activation and ECM destruction, collectively preventing
the initiation of effective healing at a systems level. Whether repair can enter a productive proliferative phase largely
depends on a successful switch from inflammatory clearance to reparative resolution.

Embedding exosomes within hydrogel or matrix networks can substantially increase local persistence and reduce
washout by exudates or rapid loss in protease-rich environments. This improved local bioavailability enables more stable
immunomodulation, typically manifested as downregulation of pro-inflammatory mediators, polarization of macrophage
programs toward reparative phenotypes, and earlier onset of inflammatory “ebb”. Loading exosomes into ECM- or
matrix-associated hydrogels enhances local retention and amplifies anti-inflammatory and immunoregulatory effects,
thereby creating a permissive context for downstream angiogenesis and re-epithelialization.”” Consistently, htUCMSC-
derived exosomes promote repair by alleviating oxidative stress and improving inflammatory status, supporting the
principle that maintaining an effective local concentration is a practical prerequisite for immune reprogramming.''® In an
MRSA infection model, an adaptive-release hydrogel functions not only as an exosome carrier but also as
a microenvironmental corrector through intrinsic antibacterial/antioxidant properties; moreover, infection-associated
cues modulate the intensity of exosome release, allowing immunoregulation to dynamically align with inflammatory
burden and accelerating entry into the proliferative repair phase.™

When exosome sources expand beyond MSCs to vesicles with more defined immunoregulatory states, the immune—
repair axis can be further strengthened. MXene-M2 exosome composite systems emphasize correction of hyperglycemia-
associated immune insufficiency together with reinforcement of reparative signaling, producing a local milieu more
supportive of angiogenesis and tissue reconstruction.”® This pattern suggests that diabetic wound repair requires not only
inflammation dampening, but structural correction of the coupled pathology of immune inefficacy and inflammatory
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persistence. The “fate reversal” strategy further couples immune functional restoration with infection-triggered therapy,
reframing repair from a passive outcome after infection control into an active, linked process in which immune
competence recovery and reparative program activation proceed in concert.”

Angiogenesis and Reperfusion Restoration

Diabetic wounds often display the paradoxical coexistence of inadequate neovascularization and insufficient reperfusion.
This dual deficit limits oxygen and nutrient supply while weakening immune-cell recruitment and effector function,
thereby increasing the likelihood of infection persistence. Accordingly, the key pro-angiogenic objective of combinatorial
systems is not merely the induction of angiogenic markers, but the formation, maturation, and stabilization of
a functional microvascular network capable of effective perfusion.

The advantage of exosome—material combinations lies in synchronous provision of signaling cues and structural
support. Exosome-borne pro-angiogenic factors and regulatory miRNAs enhance endothelial migration and tubulogen-
esis, while ECM/ADM-based materials provide a permissive scaffold and microenvironmental modulation that facilitates
conversion of angiogenic signaling into stable, perfusable vasculature.””®! This principle is particularly evident in
systems combining endothelial cell-derived exosomes with ADM composite hydrogels, where vascular-lineage exo-
somes serve as potent angiogenic signal sources and matrix composites act as supportive scaffolds and local milieu
regulators, resulting in improved angiogenic outcomes and higher-quality tissue remodeling.®'

In systems that emphasize therapeutic choreography, multifunctional hydrogels that temporally program the release of
exosomes and FGF indicate that early stabilization of oxidative burden and the wound microenvironment can enable
later-stage pro-angiogenic and matrix-rebuilding signals to translate more effectively into vascular maturation and
improved repair quality.””> In hypoxia-dominant infected diabetic wounds, oxygen-releasing cryogels elevate local
oxygen tension and improve cellular metabolic state, providing a more favorable baseline for exosome-driven angiogen-
esis and yielding more stable vascular outcomes.”*''" In addition, gallium-ion composite sponge scaffolds impose
sustained antibacterial constraints while improving exudate handling and ventilation via porous architecture, which
can indirectly support reperfusion and vascular recovery by alleviating hostile environmental constraints.”®

Regulation of Hypoxia and Oxidative Stress
Hypoxia and oxidative stress are not merely secondary features of infected diabetic wounds; they actively perpetuate
immune dysfunction, compromise cellular viability, and reinforce ECM breakdown, thereby lowering the efficiency and
durability of regeneration. Persistent hypoxia limits endothelial activity and vessel maturation, while excessive ROS
amplifies tissue damage, sustains inflammatory signaling, and destabilizes barrier reconstruction. Therefore, many
exosome—biomaterial platforms incorporate oxygenation and/or antioxidant modules to reset these constraints, enabling
exosome-mediated immunoregulation and regeneration to operate within a more permissive microenvironment.
Oxygen-releasing cryogel systems, exemplified by OxOBand, combine sustained oxygen delivery with antioxidant/
antibacterial functions and exosome-driven reparative signaling, providing integrated mitigation of the hypoxia—ROS
burden while supporting repair progression under infectious or infection-prone conditions.”*''! More broadly, systems
that couple staged regenerative signaling with early oxidative-pressure control further highlight that improving micro-
environmental “baseline conditions” is often necessary for downstream angiogenesis and structural remodeling to
become durable rather than transient.”> At the molecular level, milk-derived exosomes delivering siRNA against
KEAPI activate Nrf2-associated antioxidant responses, reducing oxidative stress and improving the microenvironmental
permissiveness for regeneration in diabetic wounds.'®> Collectively, these approaches position hypoxia/ROS correction
as a mechanistic bridge that links infection-related microenvironmental hostility to impaired regeneration, and as
a practical lever for increasing the stability of exosome-enabled repair.

Matrix Remodeling and Collagen Reorganization

High-quality healing is defined not only by wound closure but by whether matrix remodeling proceeds toward ordered,
functional restoration. In infected diabetic wounds, insufficient matrix synthesis often coexists with excessive degrada-
tion, resulting in fragile granulation tissue, disorganized collagen architecture, and compromised biomechanical
performance.
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ECM/ADM-derived matrix materials synergize with exosomes by providing structural support together with signal
amplification, enabling fibroblast migration, collagen deposition, and remodeling to proceed in a manner closer to
physiological repair and potentially reducing the tendency toward aberrant scarring.””®! In dynamic network systems,
self-healing injectable hydrogels maintain material integrity and provide stress buffering, reducing mechanical disruption
and dressing-change—associated damage to nascent tissue. Meanwhile, exosomes and co-delivered agents (eg, matrine, &-
poly-L-lysine) reduce inflammatory and infectious pressure, indirectly mitigating protease-driven matrix destruction and
supporting more sustained collagen deposition and reorganization.** A microporous soy-protein injectable hydrogel
improves cellular infiltration and nutrient exchange through its porous architecture; together with polyphenol-mediated
modulation that lowers local inflammation and degradation pressure, it establishes a more favorable niche for placental
stem cell exosomes to promote granulation formation and matrix rebuilding.*? Additionally, depot-like systems such as
glycyrrhizic acid hydrogel microparticles and glucose-responsive hydrogels prolong the exosome action window, shifting
matrix remodeling from episodic stimulation to sustained driving—an approach well aligned with the long-term
correction needed for hyperglycemia-associated imbalance between matrix synthesis and degradation.'%®'%’
Re-Epithelialization and Barrier Restoration
The rate of re-epithelialization determines the duration of wound exposure; prolonged exposure increases susceptibility
to secondary infection and relapse. In this phase, combination systems offer advantages through both biological and
operational mechanisms: exosomes promote keratinocyte migration/proliferation and improve the inflammatory milieu,
whereas biomaterials manage the wound surface environment, mechanical disturbance, and dressing-change frequency.

Sprayable exosome hydrogels can rapidly conform to irregular wounds and form a protective layer; photocrosslinking
allows tuning of release profiles and dressing stability, reducing dressing-change frequency and mechanical disruption
and thereby supporting continuous epithelial migration.®” Microneedle delivery systems enhance intratissue deposition
by bypassing surface barriers, enabling more effective action at the epidermal-dermal interface to accelerate re-
epithelialization while synchronizing with angiogenic progression.®® In infection-oriented device platforms, microneedle
patches integrating multimodal anti-infective functions can rapidly advance barrier reconstruction once infectious
pressure decreases, tightening the temporal coupling between infection control and barrier recovery.”? Chitosan nano-
membranes incorporating plant-derived nanovesicles provide barrier protection while reducing bacterial adhesion and
inflammatory escalation via natural bioactive components, supporting epithelial and granulation reconstruction.”’ A dual-
responsive exosome hydrogel (pH/ROS) in a diabetic oral ulcer model further suggests that reducing ROS burden and
inflammatory load can substantially improve epithelial regeneration efficiency, offering mechanistic insights transferable
to infection-associated cutaneous wounds.®> Likewise, pH-responsive delivery of preconditioned MSC exosomes indi-
cates that combining enhanced exosome potency with on-demand release can help preserve the continuity of epithelia-
lization and tissue remodeling under hostile microenvironmental conditions.®®

Taken together, synergistic repair in exosome—biomaterial combinations can be distilled into a reusable mechanistic chain.
By enhancing local retention and controllable release of exosomes, providing structural support, and correcting hostile factors
such as hypoxia and oxidative stress, biomaterials enable sustained expression of exosome-mediated immunoregulation,
angiogenesis promotion, matrix rebuilding, and re-epithelialization. As a result, these platforms can achieve faster closure and
higher-quality tissue reconstruction even under conditions where infectious pressure persists or fluctuates.

Clinical Evidence, Ongoing Trials, and Translational Perspectives

Current Clinical Evidence and Evidence Gaps

Although exosome-biomaterial combinatorial systems have demonstrated encouraging therapeutic effects in diabetic
infected wound models, most current evidence remains derived from in vitro experiments and small-animal studies.
These studies are predominantly proof-of-concept investigations in rodent models, whereas large-animal model valida-
tion (eg, diabetic pigs) remains very limited. These preclinical investigations have provided important mechanistic
support showing that exosome-loaded hydrogels, microneedle patches, cryogels, nanomembranes, and scaffold systems
can regulate macrophage polarization, suppress excessive inflammation and oxidative stress, enhance angiogenesis,
remodel the ECM, and accelerate re-epithelialization. However, direct clinical evidence specifically evaluating
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exosome—biomaterial combination platforms in infected DFU remains limited. Accordingly, current evidence supports
the biological plausibility and translational promise of exosome—biomaterial platforms, while also underscoring the need
for rigorous clinical validation before their efficacy can be generalized to infected DFU.

A critical prerequisite for interpreting this evidence is the precise use of extracellular vesicle nomenclature. In the
literature, the terms “exosomes”, “small extracellular vesicles”, “microvesicles”, “engineered nanovesicles”, and “exo-
some mimetics” are sometimes used interchangeably, although they represent biologically and technically distinct
entities. Exosomes are generally referred to as small extracellular vesicles, typically within the range of approximately
30-150 nm, that originate from the endosomal pathway and are released after the fusion of multivesicular bodies with the
plasma membrane. They are enriched in regulatory RNAs, proteins, lipids, and signaling molecules, and are commonly
associated with intercellular communication, immunomodulation, angiogenesis, and tissue repair. By contrast, micro-
vesicles, also termed ectosomes in some contexts, are usually larger vesicles generated by outward budding and shedding
of the plasma membrane. Their cargo composition may more directly reflect the plasma membrane and cytoplasmic
status of parental cells, and they often show broader size and functional heterogeneity.''?

Engineered nanovesicles and exosome mimetics should also be distinguished from naturally secreted exosomes.
Engineered nanovesicles are vesicle-based systems modified through genetic, chemical, physical, or membrane-
engineering approaches to improve targeting, cargo loading, stability, or therapeutic programmability. Exosome mimetics
are artificially generated vesicle-like particles, commonly produced by extrusion, sonication, microfluidics, or cell
membrane-derived methods, and are often developed to overcome the low yield and batch variability of natural
exosomes. Although these systems may reproduce certain structural or functional features of exosomes, they should
not be considered biologically identical to naturally secreted exosomes. Similarly, plant-derived vesicle-like nanoparti-
cles and platelet-derived vesicle products may possess bioactive components and practical advantages for topical wound
applications, but their active cargo attribution, dose equivalence, and quality-control criteria remain less standardized.
Therefore, throughout exosome-based wound research, vesicle terminology should be defined according to biogenesis,
preparation method, physical characterization, molecular markers, and functional properties, rather than being used as
interchangeable labels.""

Despite the above terminology-related limitations, early clinical exploration of extracellular vesicle- or exosome-
based therapies for DFU has begun to emerge. A randomized, double-blind, placebo-controlled clinical study registered
as NCT06812637 evaluated Wharton’s jelly mesenchymal stem cell-derived exosome gel combined with standard care in
patients with DFU. A related published clinical report described 110 patients with persistent DFU and showed that
topical WJ-MSC-derived exosome treatment was associated with improved wound closure and shorter time to complete
epithelialization compared with control groups.''* In addition, NCT06825884 investigates extracellular microvesicles as
direct perilesional injections for chronic DFU that failed to heal after standard care. Another relevant translational
direction is represented by NCT06319287, a phase 2a multicenter randomized controlled study evaluating topically
applied purified exosome product combined with TISSEEL fibrin sealant in subjects with non-healing DFU.

These clinical studies are encouraging because they indicate that extracellular vesicle-based wound therapies are
entering human evaluation. Nevertheless, they also highlight several important evidence gaps. First, most available
clinical studies involve exosome gels, extracellular microvesicle injections, or platelet-derived exosome products, rather
than the more complex multifunctional exosome—biomaterial systems discussed in this review, such as ROS-responsive
hydrogels, photothermal nanocomposites, oxygen-releasing cryogels, antimicrobial microneedle patches, or engineered
exosome—nanomaterial platforms. Second, clinical trials have generally focused on chronic non-healing DFUs, whereas
infected DFUs, biofilm-associated wounds, multidrug-resistant bacterial infections, and osteomyelitis-prone ulcers
remain insufficiently investigated. Third, standardized clinical endpoints are still needed. Future studies should not
only assess wound closure rate and epithelialization time, but also include infection recurrence, bacterial burden, biofilm
clearance, amputation rate, pain, patient-reported quality of life, cost-effectiveness, and long-term recurrence.

In addition to technology-related evidence gaps, patient heterogeneity is a central determinant of therapeutic response
and should be incorporated into future trial design. Patients with DFU differ substantially in age, frailty, diabetes
duration, glycemic control, nutritional status, renal function, cardiovascular disease burden, peripheral neuropathy,
peripheral artery disease, immune status, infection severity, ulcer duration, ulcer depth, wound area, microbiological
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profile, and offloading adherence. These factors may influence multiple biological processes relevant to exosome—
biomaterial therapy, including local perfusion, vesicle retention, inflammatory response, macrophage polarization,
angiogenic capacity, bacterial clearance, matrix remodeling, and epithelial migration. For example, ischemic ulcers
with severe peripheral artery disease may respond less effectively to pro-angiogenic or regenerative vesicle signals unless
perfusion is restored, whereas patients with renal dysfunction, poor glycemic control, malnutrition, or systemic inflam-
mation may have persistent oxidative and inflammatory stress that weakens reparative responses.''>''®

Therefore, future clinical studies should move beyond simple enrollment based on the presence of DFU alone and
adopt more refined stratification or enrichment strategies. Trial designs should consider stratifying patients according to
infection severity, ischemia status, neuropathy, renal function, HbAlc, wound size, ulcer depth, ulcer duration, micro-
biological findings, vascular perfusion, and prior amputation history. Classification systems such as IWGDF/IDSA
infection severity grading, Wagner or University of Texas wound classification, and perfusion-related parameters
including ankle-brachial index, toe pressure, skin perfusion pressure, or transcutaneous oxygen pressure may help define
more homogeneous study populations. Preplanned subgroup analyses and patient-centered endpoints will be important
for identifying which patient populations are most likely to benefit from specific exosome—biomaterial platforms. Thus,
although early clinical signals support the feasibility of extracellular vesicle-based therapy for diabetic wounds, the
clinical translation of exosome—biomaterial combination platforms remains at an early stage and requires more rigorous,
patient-stratified validation.

Translational Perspectives

Scalable Manufacturing, Quality Control, and Product Stability

The first major translational barrier is scalable and reproducible manufacturing. Conventional exosome isolation
methods, including ultracentrifugation, density-gradient centrifugation, precipitation, and membrane filtration, are useful
in laboratory research but may be difficult to standardize for clinical-grade production because of limited yield, variable
purity, long processing time, and operator-dependent variability. For future clinical translation, upstream production
should move toward standardized donor selection, well-characterized cell banks, serum-free or xeno-free culture
conditions, and scalable expansion systems such as hollow-fiber bioreactors, three-dimensional culture, or suspension-
compatible platforms. Downstream purification may require more clinically compatible approaches, including tangential
flow filtration, size-exclusion chromatography, ion-exchange chromatography, or integrated purification workflows that
can preserve vesicle integrity while reducing protein aggregates, nucleic acid contaminants, serum-derived particles, and
endotoxin burden.''”!!®

Standardization is equally important because exosome potency is not determined solely by particle number. Source
cell type, donor variability, cell passage, culture medium, oxygen tension, inflammatory preconditioning, isolation
strategy, and storage condition can all influence vesicle cargo composition and biological activity. Achieving true
scalability and batch-to-batch consistency requires not only standardized production protocols but also consensus on
dose metrics (eg, particle number vs. protein content vs. functional units) and release specifications, which are currently
lacking. Therefore, future studies should report not only particle concentration, size distribution, morphology, and
canonical vesicle markers, but also purity, protein-to-particle ratio, residual host-cell DNA or RNA, endotoxin level,
sterility, mycoplasma status, and batch-to-batch consistency. Functional potency assays are particularly important for
exosome-based wound products. Depending on the intended therapeutic mechanism, these assays may include macro-
phage polarization, suppression of pro-inflammatory cytokines, endothelial tube formation, fibroblast migration, kerati-
nocyte proliferation, ROS-scavenging capacity, collagen deposition, or antibacterial and anti-biofilm activity. For
engineered exosomes, additional characterization should include loading efficiency, cargo stability, surface modification
consistency, and off-target biological activity.''’

For exosome—biomaterial combination products, quality control is even more complex. Biomaterial incorporation can
alter exosome stability, release kinetics, cellular uptake, and biological potency. Therefore, evaluation should include
encapsulation efficiency, spatial distribution of exosomes within the material, release profile under diabetic wound-
relevant conditions, mechanical strength, swelling behavior, degradation kinetics, injectability or adhesiveness, steriliza-
tion compatibility, and preservation of exosome bioactivity after material loading. For stimuli-responsive systems,
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additional validation is needed to prove that release behavior is truly triggered by wound-relevant signals such as acidic
pH, elevated ROS, high glucose, bacterial enzymes, or inflammatory mediators. These parameters are essential for
transforming exosome-loaded biomaterials from experimental platforms into reproducible therapeutic products.

Storage stability and distribution also represent critical but often under-discussed issues. Extracellular vesicles may
aggregate, lose membrane integrity, undergo cargo degradation, or show reduced biological potency during freezing,
lyophilization, long-term storage, transportation, or repeated freeze—thaw cycles. Although cryoprotectants, lyoprotec-
tants, and optimized buffer systems may improve stability, their effects on vesicle bioactivity, immunogenicity, and
material compatibility must be carefully evaluated. When exosomes are incorporated into hydrogels, microneedles,
cryogels, nanomembranes, or scaffold dressings, storage may also affect material structure, release behavior, sterility, and
mechanical performance. Therefore, clinically relevant products should define shelf life, storage temperature, acceptable
freeze—thaw cycles, reconstitution procedures, and ready-to-use or bedside-preparation feasibility. For chronic diabetic
wounds, where repeated administration and frequent dressing changes may be required, storage stability and practical

usability will strongly influence clinical adoption.'*°

Biosafety, Ethical Considerations, and Regulatory Pathways

Biosafety evaluation should be strengthened before exosome—biomaterial strategies can be broadly applied in patients
with diabetic skin infections. Although exosomes are generally considered less tumorigenic and less immunogenic than
live cell therapies, their long-term safety is not fully established. Donor-derived exosomes require strict donor screening,
informed consent, pathogen testing, traceability, and documentation of cell source, passage number, and production
history. Allogeneic MSC-derived exosomes may carry immunomodulatory cargo that is beneficial for resolving chronic
inflammation, but excessive or poorly controlled immunosuppression could theoretically impair local bacterial clearance
in infected wounds. Therefore, infection-oriented applications should carefully balance inflammation resolution with
preservation of host antimicrobial defense.

Engineered and multifunctional systems require additional safety considerations. Exosomes loaded with antibiotics,
nucleic acids, small molecules, or gene-regulatory cargo may introduce risks related to off-target effects, uncontrolled
biodistribution, unexpected immune modulation, or long-term persistence. When combined with biomaterials, the
degradation products of hydrogels, microneedles, cryogels, metal ions, two-dimensional nanomaterials, photothermal
agents, and nanozymes should be systematically evaluated. In infected diabetic wounds, local tissue ischemia, impaired
lymphatic drainage, renal dysfunction, and repeated application may further affect biodistribution, clearance, and
cumulative exposure. The long-term in vivo fate of nanomaterials—including their degradation kinetics, tissue distribu-
tion, potential accumulation in organs such as the liver and spleen, and excretion pathways—remains largely unknown
for most exosome—nanomaterial composites and requires dedicated long-term biodistribution studies before clinical
translation. Thus, future preclinical studies should include not only short-term wound closure outcomes, but also local
irritation, systemic toxicity, biodistribution, immunogenicity, genotoxicity where relevant, reproductive toxicity if
applicable, and long-term recurrence or scarring.

Ethical considerations are also important. Umbilical cord-, placenta-, adipose tissue-, and bone marrow-derived
exosomes involve different donor procurement procedures and ethical requirements. Umbilical cord and placental tissues
are often considered ethically acceptable when obtained after informed consent, but standardized donor screening,
privacy protection, and source traceability remain essential. For autologous vesicle products, individualized production
may reduce immunological risk but may increase cost, time, and manufacturing complexity. For allogeneic products,
scalable production is more feasible, but batch consistency and donor-to-donor variability must be tightly controlled.
Plant-derived vesicles and exosome mimetics may reduce some donor-related ethical concerns, but they introduce
separate questions regarding active component attribution, dose equivalence, and cross-kingdom biological mechanisms.

Regulatory classification remains one of the most important barriers to clinical adoption. Exosome—biomaterial products
may be classified as biological products, drug-delivery systems, medical devices, advanced therapy medicinal products, or
combination products depending on their source, composition, manufacturing process, and principal mode of action. Products
involving engineered exosomes, nucleic acid loading, antibiotic loading, photothermal nanomaterials, or responsive bioma-
terial carriers are likely to face more complex regulatory requirements than unmodified exosome preparations. Regulatory
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submissions will need to address chemistry, manufacturing, and controls; identity; purity; potency; sterility; stability; release
specifications; preclinical safety; and clinically meaningful efficacy endpoints. At present, the lack of universally harmonized
technical standards for extracellular vesicle-based therapeutics continues to complicate cross-study comparison, product
classification, and approval pathways.'?' For combined biologic-material systems (eg, exosome-loaded hydrogels or respon-
sive nanocomposites), regulatory challenges are even greater because they do not fit neatly into existing categories of
biologics, devices, or drugs; this hybrid nature demands new guidance on quality control, sterilization, stability testing, and
preclinical safety evaluation, which regulatory agencies are only beginning to address.

From a translational readiness perspective, among the various exosome-biomaterial platforms discussed in this review,
simple exosome-loaded hydrogels and topical exosome gels (eg, those in NCT06812637) are realistically closer to clinical
application, as they build upon existing wound dressing workflows and require less regulatory complexity. In contrast, multi-
functional systems incorporating photothermal nanoparticles, multi-responsive release mechanisms, or engineered exosome—
nanomaterial composites, while mechanistically attractive, remain at earlier proof-of-concept stages and face substantial hurdles
in scalability, sterility, and safety validation before clinical testing. Overall, exosome—biomaterial combination therapy represents
a promising but still early-stage strategy for diabetic skin infections. Its clinical value will depend on whether strong preclinical
mechanisms can be translated into standardized, safe, scalable, and clinically effective products. Future studies should prioritize
large-animal infected wound models, head-to-head comparisons with standard wound care, GMP-compatible manufacturing,
long-term biosafety testing, and multicenter randomized controlled trials. In parallel, clinical trial design should distinguish non-
infected diabetic wounds from infected or biofilm-associated ulcers, stratify patients according to vascular status, infection
severity, metabolic control, renal function, and wound phenotype, and include both regenerative and anti-infective endpoints.
With these advances, exosome—biomaterial systems may evolve from proof-of-concept regenerative platforms into clinically
applicable multifunctional interventions for refractory diabetic wounds.

Future Perspectives: Toward Mechanism-Guided and Clinically

Translatable Exosome-Biomaterial Platforms

Building on current preclinical progress and emerging clinical exploration, the next stage of exosome-biomaterial
therapy for diabetic skin infections should shift from empirical combination toward mechanism-guided, stage-adaptive,
patient-stratified, and clinically oriented design. Rather than merely enhancing wound closure, future platforms should
aim to achieve durable infection control, immune microenvironment reprogramming, functional vascular reconstruction,
organized matrix remodeling, and stable barrier restoration. This shift is particularly important because diabetic infected
wounds are not static lesions, but dynamic pathological ecosystems characterized by fluctuating bacterial burden, biofilm
maturity, inflammatory intensity, ROS accumulation, hypoxia, glucose concentration, protease activity, impaired perfu-
sion, and host-level comorbidity burden.

A key priority is to clarify how exosome cargo composition, biomaterial properties, wound microenvironmental cues,
and patient-specific factors interact to determine therapeutic outcomes. Exosomes derived from mesenchymal stem cells,
endothelial cells, macrophages, neutrophils, plant sources, or engineered vesicle systems may differ substantially in their
miRNA, protein, lipid, and metabolite profiles, thereby producing distinct immunomodulatory, pro-angiogenic, antiox-
idant, or antibacterial effects. Meanwhile, biomaterial stiffness, porosity, degradation kinetics, surface charge, adhesive-
ness, and stimulus-responsiveness can markedly influence exosome retention, release behavior, cellular uptake, and
biological potency. These effects may be further modified by age, vascular insufficiency, renal dysfunction, systemic
inflammation, glycemic control, nutritional status, and infection severity. Therefore, future studies should move beyond
descriptive efficacy evaluation and establish causal relationships among vesicle source, material design, patient pheno-
type, microenvironmental remodeling, and therapeutic endpoints.

The design logic of future exosome—biomaterial platforms should also evolve from simple sustained release toward
phase-adaptive regulation. In infected diabetic wounds, early-stage treatment should prioritize bacterial clearance, biofilm
disruption, ROS attenuation, and restoration of local immune competence. As infection burden decreases, therapeutic
emphasis should gradually shift toward macrophage phenotype transition, angiogenesis, ECM reconstruction, and re-
epithelialization. Multi-responsive hydrogels, microneedle patches, oxygen-generating cryogels, electroactive scaffolds,
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and nanocomposite dressings may provide useful platforms for achieving this temporal coordination. Ideally, next-
generation systems should not only respond to single stimuli such as pH or ROS, but integrate multiple wound-specific
signals to enable more precise and disease-stage-matched therapeutic release.

Another important direction is the establishment of experimental models that more faithfully reproduce the clinical
complexity of diabetic skin infections. Many current studies rely on simplified diabetic wound models that do not fully
capture the features of human diabetic foot infection, including polymicrobial colonization, mature biofilm formation,
ischemia, neuropathy, repeated mechanical stress, peripheral vascular disease, lymphatic dysfunction, systemic metabolic
instability, and multimorbidity. These gaps may partly explain why promising preclinical findings often face difficulties
in clinical translation. Future studies should incorporate clinically relevant infected diabetic wound models, biofilm-
associated infection, impaired perfusion, and long-term recurrence assessment. Large-animal models and standardized
comparison with current standard-of-care therapies will be particularly valuable for evaluating therapeutic durability,
safety, handling feasibility, and real-world applicability.

Advanced analytical technologies will further strengthen mechanism-guided and patient-stratified platform develop-
ment. Single-cell sequencing, spatial transcriptomics, proteomics, metabolomics, high-resolution imaging, and lineage-
tracing approaches can help reveal how exosome-biomaterial systems reshape immune cell states, endothelial cell
behavior, fibroblast activation, keratinocyte migration, ECM organization, and host—pathogen interactions within infected
diabetic wounds. In parallel, integration of clinical metadata, vascular assessment, infection grading, microbiological
profiling, and biomarker analysis may help identify predictive signatures of treatment response and guide the rational
selection of exosome sources, biomaterial carriers, and combination modules for different patient subgroups.

Overall, future development of exosome—biomaterial therapies should be guided by mechanistic precision, intelligent
material engineering, disease-relevant modeling, patient stratification, and clinically meaningful validation. The ultimate
goal should not be limited to faster wound closure, but should extend to durable infection suppression, functional tissue
reconstruction, reduced recurrence, lower amputation risk, and improved patient-centered outcomes. By integrating
biological mechanism mapping with advanced biomaterial design and rigorous translational evaluation, exosome—
biomaterial platforms may progress from proof-of-concept regenerative systems toward more reliable therapeutic
strategies for refractory diabetic skin infections.

Conclusion

Exosome—biomaterial combinatorial therapies provide a biologically rational strategy for diabetic skin infections because they
address several core barriers of chronic infected wounds at the same time. These barriers include bacterial biofilm formation,
persistent inflammation, oxidative stress, hypoxia, impaired angiogenesis, ECM degradation, and delayed epithelial restoration.
In these systems, exosomes mainly provide immunomodulatory, pro-angiogenic, antioxidant, matrix-remodeling, and epithelial-
regenerative signals. Biomaterials improve local retention, protect vesicle bioactivity, enable sustained or stimulus-responsive
release, provide structural support, and may add antibacterial, oxygen-generating, antioxidant, or microenvironment-modulating
functions. This complementary division of roles explains why exosome—biomaterial systems have shown encouraging effects on
wound closure, vascularization, collagen deposition, re-epithelialization, and infection control in preclinical models.

The most important significance of this field is not simply that combined systems may accelerate wound closure, but
that they offer a framework for coordinated microenvironment remodeling. Infected diabetic wounds are dynamic
pathological ecosystems rather than isolated tissue defects. Effective treatment must therefore suppress pathogen
persistence while also restoring host repair capacity. Among current platforms, injectable, sprayable, adhesive, and self-
healing hydrogels appear particularly attractive for translation because they can conform to irregular wounds, improve
exosome retention, and fit relatively well into clinical wound-care workflows. Membrane-like dressings and microneedle
patches may also be clinically useful in selected wound types because of their handling convenience, barrier function,
and localized delivery capacity. Moderately responsive systems that react to wound-relevant signals such as acidic pH,
elevated reactive oxygen species, high glucose, or bacterial enzymes may further improve treatment precision. However,
increasingly complex multifunctional platforms are not automatically superior. Their translational value will depend on
whether each added module provides a clear biological benefit without creating excessive barriers in safety evaluation,
sterilization, storage, manufacturing, regulatory approval, and cost control.
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The current evidence should be interpreted with appropriate caution. Although exosome—biomaterial therapies have
shown substantial promise in cell and animal studies, high-quality clinical evidence remains limited. Most available
studies are still proof-of-concept investigations, and many use simplified wound models that do not fully reproduce the
clinical complexity of diabetic foot infections, including polymicrobial colonization, mature biofilms, ischemia, neuro-
pathy, repeated mechanical stress, vascular disease, systemic metabolic instability, and patient comorbidities. Therefore,
future research should move beyond demonstrating accelerated closure in simplified models and should prioritize
clinically relevant infected diabetic wound models, large-animal validation, recurrence assessment, and head-to-head
comparison with standard wound care.

Several actionable priorities are essential for clinical translation. First, exosome production must be standardized with
respect to source selection, donor variability, cell culture conditions, isolation methods, purity, storage, and batch
consistency. Second, dose metrics should be harmonized because particle number, protein content, and cell-equivalent
dose are not interchangeable. Third, potency assays should be linked to intended mechanisms of action, such as
macrophage polarization, inflammatory suppression, endothelial tube formation, fibroblast migration, keratinocyte pro-
liferation, collagen deposition, oxidative stress reduction, and antibacterial or anti-biofilm activity. Fourth, exosome—
biomaterial combination products require additional quality-control parameters, including encapsulation efficiency,
release kinetics, preservation of vesicle bioactivity, material degradation, mechanical properties, sterility, and respon-
siveness under diabetic wound-relevant conditions. Finally, regulatory classification and clinical trial design should be
considered early in product development, especially for engineered exosomes, nucleic acid-loaded vesicles, antibiotic-
loaded vesicles, photothermal nanomaterials, and multi-responsive biomaterial systems.

Overall, exosome—biomaterial combination therapy represents a promising but still early-stage direction for diabetic
skin infections. Its future impact will depend on the ability to translate strong preclinical mechanisms into standardized,
safe, scalable, and clinically effective products. The next stage of development should favor mechanism-guided, stage-
adaptive, and clinically practical platforms rather than maximal material complexity. With rigorous manufacturing
standards, clinically relevant validation models, long-term biosafety assessment, and well-designed controlled clinical
trials, exosome—biomaterial systems may progress from experimental regenerative platforms toward clinically applicable
multifunctional interventions for refractory diabetic wounds.
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