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Abstract 

The impaired healing of diabetic wounds is a key factor leading to foot ulcers, wound gangrene, and even amputations in patients. 

Mesenchymal stem cell exosomes offer a novel therapeutic strategy for diabetic wound repair; however, exosomes are easily 

cleared by the immune system in vivo and have a short retention time in tissues, resulting in suboptimal therapeutic efficacy. 

Polysaccharide-based hydrogels are ideal delivery carriers for exosomes. This article analyzes the causes of difficult diabetic 

wound healing, provides a brief overview of the applications of mesenchymal stem cell-derived exosomes and 

polysaccharide-based hydrogels in diabetic wound healing, and discusses the role of polysaccharide-based hydrogels loaded with 

exosomes in promoting diabetic wound healing. This work aims to provide a reference for the application of exosome-loaded 

polysaccharide-based hydrogels in diabetic wound repair. 
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1. Introduction 

Diabetes mellitus is a metabolic disorder with rising global 

prevalence. Statistics indicate that the number of people 

worldwide with diabetes reached 536.6 million in 2021, pro-

jected to climb to 783.2 million by 2045, while related med-

ical expenditures are estimated at $966 billion [1]. Impaired 

wound healing in diabetic patients is a major contributor to 

foot ulcers, tissue necrosis, and even amputations [2]. Dia-

betic foot ulcers (DFUs), recognized as one of the most 

common and disabling complications of diabetes [3], exhibit 

characteristics of being difficult to treat, prone to infection, 

and associated with high amputation rates. Between 19% to 

34% of diabetic patients develop foot ulcers [4], with 25% 

facing lower limb amputation risks and approximately 50% of 

amputees dying within five years [5]. These conditions not 

only cause immense suffering but also impose a heavy burden 

on healthcare systems worldwide. 

The treatment of diabetic wounds faces multiple challenges, 

including prolonged healing time, increased infection risks, 

and reduced quality of life [6]. Traditional therapies such as 

blood sugar control, wound debridement, anti-infection 

measures, and microcirculation improvement often yield 

unsatisfactory results. In recent years, stem cell therapy has 

shown promising applications in diabetic wound treatment 

due to its cells' remarkable regenerative, differentiation, and 
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immune regulation capabilities. Mesenchymal stem cells 

(MSCs) have become a key research focus for their low im-

munogenicity, immune-modulating properties, and mul-

ti-directional differentiation potential [7]. Adipose-derived 

stem cells (ADSCs) demonstrate the ability to promote gran-

ulation tissue growth and epithelial formation, with their 

released growth factors effectively stimulating wound cell 

proliferation and accelerating healing. However, clinical ap-

plications are limited by short survival time in wounds and 

ethical concerns [8]. Notably, mesenchymal stem cell exo-

somes (ADSC-EXO), as a highly regarded therapeutic can-

didate, show potential in regulating oxidative stress, immune 

cell infiltration, periwound vascularization, and inflammatory 

factor secretion in the wound microenvironment [9]. Never-

theless, their efficacy is constrained by the rapid inactivation 

of bioactive molecules in exosomes and relatively short du-

ration of action [10, 11]. 

Hydrogels, as polymer materials with three-dimensional 

network structures, can be formed through physical and 

chemical cross-linking of polymers [12, 13]. These hydrogels 

exhibit excellent biocompatibility, high moisturizing proper-

ties, and wound adhesion characteristics, providing a moist 

environment that promotes cell migration and proliferation. 

They also serve as drug or cell carriers that directly act on 

wounds to accelerate healing [14]. Hydrogels loaded with 

ADSC-EXO create a stable microenvironment for exosomes, 

enabling controlled release and prolonged local exposure at 

the wound site, thereby enhancing diabetic wound healing. 

This article reviews recent research progress on hydrogels 

loaded with mesenchymal stem cell exosomes in promoting 

diabetic wound healing, aiming to explore new therapeutic 

approaches for diabetes management. 

2. Causes of Difficult Wound Healing in 

Diabetes 

Diabetic wound healing is influenced by multiple factors 

that may delay or even prevent healing. Diabetic foot ulcers 

(DFUs) result from complex interactions between metabolic, 

vascular, immune, and mechanical factors, ultimately leading 

to chronic non-healing wounds in the lower limbs. Hyper-

glycemia stands as a key factor contributing to diabetic wound 

resistance, with the persistent hyperglycemic microenviron-

ment impairing skin cell function—a central mechanism af-

fecting wound healing [15]. Hyperglycemia induces endo-

thelial dysfunction, oxidative stress, chronic inflammation, 

impaired angiogenesis, and immune deficiency, collectively 

delaying wound closure and increasing infection risks [3]. 

The hyperglycemic environment directly disrupts wound cell 

proliferation and differentiation while indirectly hindering 

healing through effects on angiogenesis and collagen synthe-

sis [16, 17]. Abnormal immune activation and persistent in-

flammatory responses are critical contributors to diabetic 

wound healing disorders. In diabetic conditions, macrophages 

exhibit abnormal metabolic regulation mechanisms with al-

tered phenotypes and functions, further impairing wound 

healing [18]. The inflammatory imbalance, oxidative stress, 

insufficient angiogenesis, and elevated bacterial infection 

risks associated with abnormal blood glucose levels in dia-

betic wounds drive macrophages to produce more reactive 

oxygen species (ROS) to combat pathogens [19]. However, 

excessive reactive oxygen species (ROS) not only damage 

healthy cells and tissues by inhibiting cellular repair processes 

such as migration and proliferation, but also disrupt extra-

cellular matrix synthesis. These ROS may further induce 

vascular dysfunction, nerve injury, hypoxia, and nutrient 

deprivation, thereby interfering with all stages of wound 

healing and ultimately leading to persistent inflammation and 

chronic non-healing wounds [20]. Additionally, factors in-

cluding hypoxia, altered matrix metalloproteinases, and pH 

changes are key contributors to the difficulty in healing dia-

betic wounds [21, 22]. 

3. The Role of Mesenchymal Stem Cell 

Exosomes in Diabetic Wound Healing 

Mesenchymal stem cells (MSCs), a type of pluripotent 

stem cell characterized by self-renewal, multi-directional 

differentiation potential, and paracrine regulatory capabilities 

[23], can be isolated from bone marrow, adipose tissue, or 

other organs. These cells exhibit adhesive properties and high 

differentiation capacity [24]. Due to their ease of isolation, in 

vitro expansion, and multipotency, MSCs are widely regarded 

as a crucial source for regenerative medicine applications 

including tissue repair. MSC-derived exosomes, functioning 

as signaling molecules in intercellular communication, pos-

sess natural targeting specificity and low immunogenicity. 

Absorbed through the paracrine pathway of MSCs, these 

exosomes participate in regulating processes that promote 

cellular and tissue regeneration [25]. Notably, MSC exosomes 

have emerged as promising candidates for wound healing 

treatment due to their roles in modulating oxidative stress, 

immune cell infiltration, perivascular inflammation, and in-

flammatory factor secretion within the wound microenvi-

ronment [9]. 

Exosomes (Exo) serve as crucial mediators of intercellular 

communication, extensively transporting genetic material and 

proteins while mediating cellular interactions to promote 

tissue regeneration and wound closure [26]. Notably, 

ADSC-EXO demonstrates significantly superior efficacy in 

promoting wound healing compared to EXOs secreted by 

other stem cell types [27]. During skin wound repair, 

ADSC-EXO exerts multi-target regulatory functions: modu-

lating inflammatory balance, stimulating angiogenesis, regu-

lating the cell cycle and extracellular environment, controlling 

apoptosis and autophagy, and managing oxidative stress lev-

els in the wound microenvironment [28-30]. Common ad-

ministration routes for ADSC-EXO in skin wound treatment 
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include topical application, subcutaneous injection at the 

wound edge, and tail vein injection. Studies indicate that 

subcutaneous injection at the wound edge is the optimal de-

livery method using human umbilical cord mesenchymal stem 

cell exosomes (hUCMSC-EXO) [31]. However, exosome 

stability, delivery efficiency, and weak targeting capabilities 

limit clinical applications, particularly as rapid immune 

clearance significantly reduces their retention time in vivo, 

severely compromising therapeutic outcomes [25]. Therefore, 

modern clinical practice requires exploring scaffold materials 

to enhance the utilization efficiency of stem cell exosomes. 

4. Application of Polysaccharide 

Hydrogel in Diabetic Wound 

Treatment 

To address the issue of slow wound healing in diabetic pa-

tients, various wound dressings have emerged. Hydrogels 

stand out due to their excellent biocompatibility, superior 

physical properties, multifunctional capabilities, and diverse 

synthesis methods [32]. Hydrogels are three-dimensional 

polymer networks formed through physical or chemical 

cross-linking, exhibiting remarkable water retention capacity, 

high flexibility, and tunability [33, 34]. Beyond serving as 

wound dressings that maintain moisture, ensure gas exchange, 

absorb exudates, and prevent microbial invasion [35], they 

also function as cellular scaffolds for tissue repair and regen-

eration, and act as efficient drug delivery carriers, demon-

strating immense potential in wound healing applications [36]. 

Hydrogels, as hydrophilic three-dimensional wound dressing 

scaffolds, can be engineered to respond to stimuli such as 

temperature, pressure, pH, and ionic charges [37]. With their 

porous structure, biocompatibility, flexibility, and extracellu-

lar matrix-like structural characteristics, hydrogels provide an 

optimal environment for cell growth [38]. Furthermore, bio-

active components like growth factors and live cells can be 

encapsulated within the hydrogel matrix for controlled release, 

effectively promoting diabetic wound healing [39]. 

Among various hydrogel dressings, polysaccharide-based 

hydrogel wound dressings have garnered significant attention 

in wound healing due to their abundant content, non-toxicity, 

high biocompatibility, and the ability to accurately mimic 

human tissues through modification [40]. Hydrogels prepared 

from polysaccharides are widely used in diabetic wounds 

owing to their excellent biocompatibility and low toxicity [41]. 

Commonly employed polysaccharide hydrogels for wound 

treatment include chitosan, hyaluronic acid, and alginate [42]. 

Chitosan-based hydrogels: Chitosan (CS), a natural poly-

mer, exhibits excellent gel-forming potential, low toxicity, 

and superior biodegradability and biocompatibility [43]. In 

vivo, CS can be degraded into amino sugars by lysozyme or 

glycosidase, which are subsequently eliminated from the body 

[44]. These hydrogels demonstrate remarkable tissue adhe-

sion and bacterial capture capabilities, significantly enhancing 

wound healing in diabetic patients [45]. Lin et al. [46] de-

veloped an antibacterial hydrogel combining chitosan and 

hyaluronic acid, which effectively promotes diabetic wound 

healing. Qi et al. [47] created a "multi-functional" in-situ 

injectable hydrogel composed of quaternary ammonium salt 

chitosan, oxidized dextran, and dopamine nanoparticles. This 

innovative formulation achieves rapid diabetic wound healing 

through its antimicrobial and anti-inflammatory properties. 

Hyaluronic Acid (HA)-Based Hydrogels: As a common 

hydrogel material with excellent biocompatibility, hyaluronic 

acid serves as a primary component of the skin's extracellular 

matrix. It functions in vivo to retain water, regulate osmotic 

pressure, and provide lubrication [37]. Acting as a bioactive 

molecule, HA effectively reduces various infections and im-

proves host inflammatory responses, regulating tissue repair 

processes through multiple mechanisms. Recognized as a safe 

and effective skin-repairing ingredient [48], its exceptional 

biocompatibility, biodegradability, and water-retention prop-

erties have led to widespread application in diabetic wound 

healing [49]. Xu et al. [50] developed a glucose-responsive 

hydrogel by modifying hyaluronic acid methacrylate with 

phenylboronic acid. This hydrogel demonstrates remarkable 

angiogenic-promoting, antioxidant, and anti-inflammatory 

effects, significantly enhancing diabetic wound healing. Ad-

ditionally, a high-molecular-weight hyaluronic acid-based 

hydrogel regulates macrophage polarization, effectively re-

ducing inflammation while promoting vascular regeneration, 

epithelial reformation, and collagen deposition to accelerate 

skin wound healing [49]. 

Alginate-based hydrogels: Alginates, primarily derived 

from brown algae and certain bacteria, exhibit excellent bio-

compatibility and hydrophilicity [51]. Sodium alginate dis-

rupts bacterial membrane structures, inhibits metabolic res-

piration, and induces oxidative stress to achieve bactericidal 

effects [52]. Chi et al. [53] developed a hydrogel synthesized 

with dopamine and oxidized sodium alginate, which demon-

strates superior adhesion properties enabling better wound 

surface integration. 

5. Polysaccharide Hydrogel Loaded with 

Exosomes Promotes Wound Healing in 

Diabetes 

Exosomes possess the ability to promote tissue repair. Di-

rect injection remains the most commonly used administration 

method for exosomes, though their rapid clearance may limit 

therapeutic efficacy [54]. Given that tissue repair typically 

requires a complex and prolonged process, sustained exoso-

mal action is crucial for meeting the conditions necessary for 

effective tissue regeneration [55, 56]. To ensure exosomes 

maintain biological activity and achieve precise concentra-

tion-controlled release throughout wound healing, loading 

them into scaffold materials for controlled delivery has be-

come essential [54]. By focusing on this approach, exosomes 
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can be effectively loaded into scaffold materials to maximize 

their roles in promoting angiogenesis, cell proliferation, and 

migration, thereby accelerating chronic wound healing. 

Consequently, utilizing hydrogel-based stem-derived exo-

somes to facilitate diabetic wound healing has gradually 

emerged as a major research focus [57]. 

The rapid clearance of exosomes in vivo and their limited 

retention at injury sites hinder their therapeutic efficacy [58]. 

Hydrogels, with their high biocompatibility and porous 

structure, have been explored as carriers for exosomes. These 

hydrogels provide controlled-release mechanisms that pro-

long exosome retention in target tissues, thereby enhancing 

therapeutic outcomes. Loading exosomes into hydrogels en-

ables precise controlled release at wound treatment sites, 

offering multiple benefits for wound healing: As a biocom-

patible and biodegradable material, hydrogel creates a moist 

and supportive environment similar to natural extracellular 

matrix, protecting wounds from infection while promoting 

gas exchange and cellular permeability; Encapsulation in 

hydrogels enhances exosome stability, bioavailability, and 

delivery capacity to wound sites, effectively accelerating the 

healing process [59]. Additionally, adjusting hydrogel chem-

ical composition and structure allows sustained release of 

growth factors secreted by stem cells and other drugs, con-

tinuously acting on wounds to promote healing [60]. Li et al. 

[61] demonstrated that hydrogel-mediated exosome delivery 

can maintain controlled release for up to one week. 

With the development and in-depth research of hydrogel 

dressings, hydrogels capable of controlled drug or bioactive 

substance delivery and adjustable environmental adaptability 

(such as glucose responsiveness) better meet the diverse needs 

of diabetic wound healing [62]. Polysaccharide hydrogels 

loaded with exosomes can effectively promote diabetic 

wound healing. SHI et al. [63] delivered exosomes derived 

from human gingival mesenchymal stem cells into diabetic rat 

wound tissues using chitosan hydrogel, promoting wound 

healing through re-epithelialization, collagen deposition, and 

angiogenesis. Hydrogels loaded with exosomes from human 

umbilical cord mesenchymal stem cells significantly acceler-

ated wound closure, enhanced granulation tissue regeneration, 

and upregulated the expression of vascular endothelial growth 

factor (VEGF) and transforming growth factor-β1 (TGF-β1) 

[64]. Yuan et al. [65] developed a multifunctional hydrogel 

(H-C-M@Exo) loaded with exosomes containing glu-

cose-responsive hyaluronic acid methacrylate (HAMA), chi-

tosan methacrylate (CSMA), and 3-methylacrylamido phe-

nylboronic acid (MPBA). This hydrogel promoted diabetic 

wound healing by facilitating granulation tissue formation, 

collagen deposition and remodeling, M2-type macrophage 

polarization, and neovascularization. The bio-complex 

formed by hydrogels and exosomes not only protects exo-

somes from immune clearance in vivo but also delays exo-

some release from hydrogels, thereby improving tissue re-

tention time and healing efficacy through synergistic effects 

[66]. 

6. Conclusions 

Diabetic wound healing difficulties severely impact pa-

tients' quality of life and health, making the search for effec-

tive treatments crucial. The polysaccharide hydrogel compo-

site system loaded with mesenchymal stem cell exosomes 

ingeniously combines the exosomes' powerful biological 

functions with hydrogel's excellent delivery and scaffold 

properties. This breakthrough successfully overcomes the 

application bottleneck of free exosomes, offering a highly 

promising innovative therapeutic strategy for diabetic wound 

healing. However, current applications still face challenges 

including mechanisms of carrier-exosome interactions, 

long-term safety and efficacy evaluation, and clinical transla-

tion. Future efforts should focus on in-depth research to op-

timize treatment protocols, strengthen clinical studies, and 

promote translational applications, aiming to provide a safe 

and effective new approach for diabetic wound management. 
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