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Abstract: Diabetic wound healing represents a crucial and complex subject in clinical medicine, because of its physiological
mechanism and pathological state, the conventional treatment methods are often limited. In recent years, multifunctional hydrogels
have emerged as a focal point in the research field regarding the healing of diabetic wounds. This is attributed to their outstanding
biocompatibility, the capacity for controlling drug release, and the traits of facilitating cell migration and proliferation. This paper
reviews the fundamental materials, modification strategies for functionality, the principles underlying drug release, and the latest
application advancements of multifunctional hydrogels in the context of facilitating the healing process of diabetic wounds. By
introducing bioactive molecules and utilizing 3D bioprinting technology, researchers continue to optimize the properties of hydrogels
to adapt to various wound conditions, which demonstrates great promise in the use of wound dressings. Taking the microenvironment
of diabetic wounds into consideration, strategies for antibacterial, anti-inflammatory, immunomodulatory, antioxidant, and pro-
angiogenic effects are integrated with multifunctional hydrogels. This paper systematically analyzes the existing challenges and
explores the future research directions, and emphasizes the potential of multifunctional hydrogels in improving wound healing of
diabetes and their clinical application prospects.
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Introduction

The process of wound healing is intricate and dynamic, characterized by the careful coordination of multiple repair cells,
immune cells, cytokines, and signaling pathways. Disruptions in the regulation of these elements can result in prolonged
healing times or complete failure of the wound to heal, potentially leading to the development of chronic wounds.'
Diabetic wounds are highly prevalent among chronic wounds. Diabetes, a chronic disease that severely impacts public
health globally, has seen an increasing prevalence because of lifestyle alterations and the aging trend of the population.
According to the 10th edition of the International Diabetes Federation (IDF) Diabetes Atlas, approximately 537 million
individuals were estimated to be living with diabetes in 2021. This number is anticipated to rise to 643 million by 2030
and reach 783 million by 2045. Additionally, it is believed that around 541 million people had impaired glucose tolerance
in 2021. Furthermore, projections suggest that more than 6.7 million individuals aged 20 to 79 will die from diabetes-
related complications in 2021.> Even more worryingly, the occurrence rate of diabetic wounds in the diabetic patient
group reaches as high as 25%. Notably, within five years after wound healing, 66% of the patients suffer from ulcer
recurrence. Moreover, following ulcer recurrence, 12% of the patients will have to have an amputation. This situation has
become the primary factor leading to hospital admissions and non-traumatic amputations among diabetic patients.’
Additionally, the US government alone spends approximately $30 billion annually on chronic wound care.* The high
incidence, low healing rate, and strong recurrence tendency of diabetic wounds not only increase patient suffering but
also degrade their life quality and bring about a substantial economic burden, representing a pressing clinical challenge
that requires urgent attention.
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Normal wound healing chiefly includes four intertwined and successive procedures: hemostasis, inflammatory,
proliferative, and remodeling stage.” In the early stages of injury, blood exudate and fibrinogen coagulate to form
a clot. Subsequently, neutrophils exude and migrate to the site, clearing extracellular debris and inactivated matrix, thus
achieving initial wound cleanliness. Macrophages also produce and release various cytokines and growth factors that
assist in disintegrating cellular debris and promoting new blood vessel formation, reinstating the blood vessel structure of
the tissue and establishing the groundwork for the development of granulation tissue. The proliferation stage is
principally typified by the generation of granulation tissue and the buildup of extracellular matrix (ECM). During the
remodeling phase, highly vascularized granulation tissue transforms into a scar with sparse blood vessels.®’ In contrast,
the wound healing process in individuals with diabetes is impacted by a range of factors, including persistent
hyperglycemia, concurrent bacterial infections, excessive oxidative stress and inflammation, impaired angiogenesis,
neuropathy, compromised cellular repair functions, and ECM metabolic imbalance.® The interplay of these various
factors can result in delayed healing or even non-healing of wounds in diabetic patients, thereby augmenting the
likelihood of infection and gravely influencing the patient’s living standard. As a result, the development of novel and
effective wound healing strategies has emerged as a crucial emphasis of present-day research.

With the rapid development of biomaterials science, multifunctional hydrogels have garnered extensive interest as an
innovative biomaterial within the wound-healing domain. Owing to their distinctive physical and chemical character-
istics, hydrogels possess considerable potential for use in wound healing applications.” Hydrogels, with their high-water
content, good biocompatibility, biodegradability, and superior controlled release characteristics, are considered an ideal
choice for promoting wound healing.'® Hydrogels have a three-dimensional network structure and remarkable water
absorption abilities, which enable them to absorb exudates from wounds. This effectively maintains a moist environment
that supports the healing process and assists in the removal of necrotic tissue. The translucency of their material permits
unobstructed inspection of the wound, and they can carry active molecules, making them a comfortable and easily
replaceable material. Hydrogels can effectively relieve wound pain, lower wound temperature, reduce the infection rate,
and thus accelerate wound healing. Additionally, hydrogels feature high porosity and flexibility, and by integrating
functional polymers or bioactive agents into their distinct reticular structure, they are capable of accurately regulating the
micro-environment within chronic wounds, providing analgesic effects and promoting cell proliferation and tissue
regeneration.'""'? Furthermore, researchers have functionalized hydrogels by incorporating antibacterial agents and
growth factors, endowing them with antibacterial, healing-promoting, and drug release-controlling capabilities. These
modifications make hydrogels even more effective in promoting diabetic wound healing, further enhancing their potential
in this area.®' In diabetic wound healing applications, the mechanical properties of hydrogels are closely related to their
crosslinking methods, both of which collectively influence material stability, drug-loading capacity, and mechanical
compatibility with tissues. Physically crosslinked hydrogels (eg, via hydrogen bonds or hydrophobic interactions)
typically exhibit dynamic reversibility, enabling responsiveness to changes in the wound microenvironment (eg, pH,
enzymes), but often suffer from low mechanical strength.'® In contrast, chemically crosslinked hydrogels (eg, via
covalent bonds or photopolymerization) significantly enhance tensile/compressive resistance (eg, achieving elastic
moduli of 10-100 kPa), though potentially at the expense of biocompatibility.'> Recent studies have employed dual-
crosslinking strategies (eg, combining Schiff base reactions in gelatin-oxidized dextran with Ca®" ionic crosslinking) to
balance mechanical strength and self-healing properties, or introduced nanocomposite networks (eg, silicate nanosheets)
to tailor hydrogel moduli closer to those of skin tissue (~20 kPa), thereby minimizing secondary damage from
mechanical stress on wounds.'®'” Furthermore, the incorporation of dynamic covalent bonds (eg, boronate esters) has
enabled better adaptation of mechanical properties to the dynamic healing process of wounds, offering new insights for
long-term management of diabetic chronic wounds.'* Figure 1 illustrates the mechanistic role of hydrogel in diabetic
wound repair. Panel A delineates the localized drug delivery process of the hydrogel at the diabetic wound site. By
sustaining the release of active components (eg, antibacterial, antioxidant, and anti-inflammatory agents), the hydrogel
modulates the wound microenvironment, promotes angiogenesis, and regulates the activity of immune cells (eg,
neutrophils, T lymphocytes, and B lymphocytes), thereby establishing favorable conditions for wound regeneration.
Panel B elaborates the therapeutic mechanism of the hydrogel in diabetic infected wounds. Through sustained release of
active components, the hydrogel orchestrates the functional regulation of macrophages (M1 phenotype), fibroblasts, and
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Figure | lllustrates the mechanistic role of hydrogel in diabetic wound repair. (A) delineates the localized drug delivery process of the hydrogel at the diabetic wound site.
By sustaining the release of active components (eg, antibacterial, antioxidant, and anti-inflammatory agents), the hydrogel modulates the wound microenvironment, promotes
angiogenesis, and regulates the activity of immune cells (eg, neutrophils, T lymphocytes, and B lymphocytes), thereby establishing favorable conditions for wound
regeneration. (B) elaborates the therapeutic mechanism of the hydrogel in diabetic infected wounds. Through sustained release of active components, the hydrogel
orchestrates the functional regulation of macrophages (M| phenotype), fibroblasts, and endothelial cells, thereby facilitating critical wound-healing processes such as
myofibroblast differentiation and keratinocyte migration. Concurrently, its inherent antibacterial, anti-inflammatory, and antioxidant properties synergistically suppress
infection and accelerate tissue repair, ultimately enabling effective healing of diabetic wounds.

endothelial cells, thereby facilitating critical wound-healing processes such as myofibroblast differentiation and kerati-
nocyte migration. Concurrently, its inherent antibacterial, anti-inflammatory, and antioxidant properties synergistically
suppress infection and accelerate tissue repair, ultimately enabling effective healing of diabetic wounds. Collectively,
Figure 1 underscores the hydrogel’s capacity to improve the diabetic wound microenvironment and enhance tissue repair
through multi-target, multi-pathway synergistic mechanisms.

In recent years, hydrogel dressings have achieved remarkable progress in diabetic wound management. Smart-
responsive hydrogels (eg, temperature-, pH-, or enzyme-activated systems) have garnered significant attention due to
their dynamic adaptability to the wound microenvironment.®'® Chitosan-based self-healing hydrogels, in particular,
demonstrate tremendous potential owing to their excellent biocompatibility, inherent antibacterial properties, and tissue-
regenerative capabilities.'® Extensive studies confirm that functional hydrogel dressings accelerate wound healing by
maintaining an optimal moist environment, enhancing angiogenesis and modulating inflammatory responses.'®'?
A systematic evaluation further substantiates that hydrogel dressings outperform conventional wound dressings in
reducing healing time and infection rates in diabetic foot ulcers.”’ The integration of nanotechnology—such as drug-
loaded nanoparticles and growth factor delivery systems—has further augmented their therapeutic efficacy.”’ While
pharmacological interventions (eg, growth factors and anti-inflammatory drugs) remain important adjunctive therapies,*>
hydrogels have emerged as one of the most promising strategies due to their ability to precisely regulate pathological
microenvironments characterized by hyperglycemia, hypoxia, and bacterial infection.?
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Distinct from previous reviews, this paper innovatively explores the topic from dual dimensions of mechanistic
elucidation and technological innovation: 1) Mechanistic dimension: We systematically elucidate the key factors
contributing to the delayed healing of diabetic wounds, including hyperglycemia-induced microvascular damage,
immune dysfunction, collagen metabolic disorders, and persistent inflammatory responses. 2) Technological dimension:
We focus on the therapeutic mechanisms of multifunctional hydrogel dressings, particularly the synergistic effects of
microenvironment-responsive strategies (eg, antibacterial, immunomodulatory, and antioxidant properties), while criti-
cally reviewing recent advances in research and clinical applications. Furthermore, this paper analyzes the mechanical
properties, functional modifications, biodegradability, and controlled drug-release mechanisms of hydrogels, along with
the challenges in clinical translation. The findings aim to provide novel insights for addressing diabetic wound healing
and facilitate the clinical application of hydrogel-based technologies.

The literature search for this review was conducted using PubMed and Web of Science databases. A combination of
keywords (eg, “hydrogel”, “diabetic wound”, “healing” and their synonyms) was employed, along with boolean
operators (AND/OR) to refine the search query. The publication date was restricted to 2013—2025. The inclusion criteria
comprised: original research articles, reviews, and clinical trials published in English that explicitly addressed the
mechanisms of multifunctional hydrogels in diabetic wound applications. Studies were excluded if they focused on
single-function hydrogels or were published in non-English languages. Title/abstract screening, full-text review, and data
extraction were performed to ensure high relevance to the topic.

Mechanisms of Delayed Healing in Diabetic Wounds

In diabetic wounds, the presence of hyperglycemia is associated with prolonged inflammation, oxidative stress damage,
impaired angiogenesis, and an increased risk of bacterial infection. These factors hinder the growth and multiplication of
dermal and epidermal cells and result in the compromised renewal of skin in the context of diabetic wounds.>**
Additionally, diabetes is a chronic condition, and patients often lack the ability to manage their wounds effectively, which
increases the probability of pathogenic bacteria infiltrating into the wound, disrupting the wound microenvironment, and
ultimately leading to delayed healing or even the risk of amputation.”® The mechanisms underlying the occurrence and

delayed healing of diabetic wounds can be categorized as follows:

Hyperglycemia-Induced Microvascular Damage

Hyperglycemia can damage endothelial cells, leading to microvascular changes. These microvascular alterations reduce
blood supply, which in turn limits the delivery of oxygen and nutrients to the wound area, causing local hypoxia. This
impedes cell proliferation and regeneration, as insufficient oxygen impairs the function of fibroblasts and keratinocytes,
ultimately affecting the healing process.?’ Prolonged hyperglycemia can also induce arteriosclerosis, further compromis-
ing blood flow.

Immune Dysfunction

The immune system in diabetic patients is impaired, especially the functions of neutrophils and macrophages.”®
A hyperglycemic environment can impair the chemotactic capacity and phagocytic function of white blood cells, leading
to a decreased resistance to infections and a delay in the resolution of inflammatory responses. This makes diabetic
patients more susceptible to infections and hampers wound healing.*’

Neuropathy

Diabetes can lead to sensory neuropathy, which results in a diminished ability to perceive pain and injury. This
may prevent patients from recognizing trauma in a timely manner, thereby delaying medical attention and
treatment.”® Additionally, diabetes can cause autonomic neuropathy, affecting vascular regulation and sweat
gland function, which further exacerbates local ischemia and dryness. Furthermore, neuropathy may contribute
to the development of foot ulcers, as patients may no longer experience pain, leading to neglect of proper care for
minor wounds.>'
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Impaired Collagen Synthesis and Remodeling

Diabetes affects the synthesis and remodeling of collagen, an essential component in wound healing. Elevated blood
glucose levels result in a rise in advanced glycation end-products (AGEs), which affect cellular functions and tissue
repair. This inhibits collagen synthesis and interferes with its crosslinking and remodeling, resulting in delayed wound
healing.*

Impaired Extracellular Matrix Remodeling

Diabetes alters the composition and structure of the ECM, which impacts its supporting and guiding functions in wound
healing. Additionally, the imbalance between matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) in diabetic
patients disrupts the degradation and remodeling of the ECM.* Within a diabetic environment, fibroblasts exhibit
diminished proliferation and migration abilities, resulting in inadequate collagen production.* The weakened migratory
ability of epidermal cells at the wound edges delays re-epithelialization and wound healing.

Inflammatory Response

Diabetic patients often experience chronic low-grade inflammation, which affects the normal healing process.
Inflammatory cells exert a vital influence during the initial phases of healing; however, over-inflammation can cause
damage to the surrounding tissues and impede healing.*> The wound environment in diabetic patients is typically
conducive to bacterial growth, making infections more likely and further delaying healing.*® Due to impaired immune
function, diabetic patients have a diminished response to infections, leading to more frequent and severe infections.

Other Factors

Diabetic patients often suffer from inadequate or imbalanced nutritional intake, with deficiencies in essential nutrients
such as vitamin C and zinc, which can impair wound healing. Additionally, a lack of physical activity may lead to poor
circulation, further hindering wound healing. Long-term diabetes and its complications can also contribute to increased
psychological stress, negatively affecting treatment adherence and the healing process.®’**

Given that impaired healing in diabetic wounds involves multidimensional pathophysiological interactions, conven-
tional single-target therapies often fail to achieve effective intervention. The vicious cycle formed by microvascular
damage, chronic inflammation, and extracellular matrix metabolic dysregulation not only exacerbates tissue hypoxia and
oxidative stress but also creates a microenvironment conducive to microbial colonization and aberrant protease activa-
tion. In recent years, multifunctional hydrogel dressings have emerged as an innovative solution to disrupt this
pathological loop. By leveraging their unique physicochemical properties and bioactive functions, these dressings enable
spatiotemporal modulation of the wound microenvironment—simultaneously targeting hyperglycemia-induced cascade
damage and activating tissue regeneration programs through biomimetic microenvironment engineering.

Multifunctional Hydrogel Dressings in Diabetic Wound Healing
Mechanisms

Regulation of Local Inflammatory Response

Compared to normal wound healing, chronic wounds in diabetes exhibit varying degrees of dysregulated inflammation
during the healing process, with the abnormal transformation of M1 macrophages towards M2 macrophages being a key
factor.*® At various phases of the wound-healing process, M1 macrophages act in the inflammatory phase to eliminate
foreign pathogens and clear necrotic tissue. In the proliferative phase, M1 macrophages polarize to M2 macrophages,
which stimulate the generation of blood vessels and the development of granulation tissue. M2 macrophages also activate
fibroblasts, facilitating collagen deposition, thereby maintaining the wound site’s integrity in the maturation stage.***’
However, in diabetic wounds, hyperglycemic microenvironments stimulate macrophages to secrete pro-inflammatory
cytokines, disrupting M1 macrophage polarization and inducing chronic inflammation, which results in delayed wound
healing.*' Therefore, regulating the shift from M1 to M2 macrophages offers great promise for improving diabetic wound
healing.*?

International Journal of Nanomedicine 2025:20 hetps: 7553



He et al

To address this mechanism, Yang et al’’ developed a hydrogel system based on hyaluronic acid (HA) that
incorporates paeoniflorin (PF) (HA-PF) to modify the phenotype and functionality of macrophages in wounds associated
with diabetes. The results indicated that HA-PF effectively aided in the PF-induced transition of macrophages from the
M1 (pro-inflammatory) state to the M2 (anti-inflammatory and pro-healing) state, thereby enhancing the healing process
of diabetic wounds. Zhao et al** copolymerized green tea derivatives, 3-acrylamido phenylboronic acid, and acrylamide
to create a smart hydrogel dressing (EACPA hydrogel) with adequate mechanical properties, self-healing abilities, and
tissue adhesion. Experimental studies showed that this hydrogel was able to influence the recruitment of macrophages by
facilitating the shift from M1 to M2 macrophage phenotypes. In a dorsal wound model of diabetic mice, the EACPA
hydrogel demonstrated a considerably greater wound-healing rate when compared with the non-treated group. Chen
et al** incorporated adipose-derived mesenchymal stem cells into a thermosensitive hydrogel composed of iso-propyl
acrylamide and found that the experimental group exhibited a reduction in the expression of pro-inflammatory M1
macrophage expression and an increase in M2 macrophage expression, along with improved granulation tissue formation

and ECM secretion. Fu et al*

developed a hydrogel made entirely from natural components, namely small molecule
catechol and collagen. This hydrogel was designed to enhance the healing of diabetic wounds by controlling the
heterogeneity of macrophages. The hydrogel exhibited strong bio-adhesive qualities, antibacterial characteristics, and
the ability to scavenge reactive oxygen species (ROS). Both in vitro and in vivo studies showed that the hydrogel
facilitated the transformation of pro-inflammatory (M1) macrophages into anti-inflammatory (M2) macrophages while

increasing the expression of anti-inflammatory factors, thereby aiding in the healing of diabetic wounds.

Reducing the Risk of Bacterial Infections
Diabetic patients often experience a series of immune system and microcirculation dysfunctions due to prolonged
hyperglycemia, which impedes the process of wound healing and substantially raises the likelihood of bacterial and
fungal infections. This risk is even more common in elderly patients and ranks as the primary factor contributing to
mortality in elderly diabetic individuals.*® Common pathogenic bacteria include staphylococcus aureus and gram-
negative bacteria. Superficial infections are primarily caused by staphylococcus aureus, while deep tissue infections
are more commonly associated with pseudomonas aeruginosa, a gram-negative bacillus.*’” Traditional topical and oral
antibiotics often require repeated administration, which increases the burden on the body and may even result in the
appearance of multi-drug resistant.*®

Research has indicated that the porous reticular structure within hydrogel materials has the capacity to regulate the
release rate of antibiotics, resulting in sustained antibacterial effects. Some hydrogel materials can also achieve controlled
drug release triggered by alterations in the surrounding microenvironment, demonstrating excellent drug-loading
properties.*” To prevent bacterial resistance, there has been growing attention to the antibacterial capabilities of inorganic

metals and materials that are non-metallic. He et al®°

created a dual-stage hydrogel material that possessed both
antibacterial and drug-release functions, which was founded on a single antimicrobial hydrogel dressing. This material
was created using substances such as silver nanoparticles, carboxymethyl chitosan (CS), and sodium polyacrylate. In the
early stages of dressing application, silver nanoparticles exert their antibacterial effects to prevent wound infection, while
later stages involve the gradual release of cytokines encapsulated within the hydrogel material, which work synergisti-
cally to promote better wound healing. Bao et al®' developed an iron-heme-mimetic photosensitizer (MnO2@Fe-TCPP
(Zn)), which is predicated on the iron requirements of bacteria. This compound can be absorbed and retained by various
bacterial strains, including Escherichia coli, Staphylococcus aureus, and methicillin-resistant Staphylococcus aureus,
demonstrating significant antibacterial efficacy through photodynamic therapy (PDT). To enhance wound healing
following antibacterial treatment, MnO2@Fe-TCPP(Zn) was incorporated into a zwitterionic hydrogel noted for its
biocompatibility and anti-fouling characteristics, resulting in a nanocomposite antibacterial hydrogel (PSB-MnO2@Fe-
TCPP(Zn)). In a diabetic mouse model simulating multi-bacterial infections, the PSB-MnO2@Fe-TCPP(Zn) hydrogel
dressing significantly facilitated skin regeneration by effectively combating bacterial infections, reducing inflammation,
and enhancing angiogenesis.

In addition to some metal materials exhibiting antibiotic-like capabilities, certain inorganic non-metallic materials
also show excellent antibacterial properties. Demirci et al*® incorporated boric acid and sodium borate into hydrogel
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materials to create boron-containing wound dressings, which were applied in the repair of diabetic rat wounds,
demonstrating significant antibacterial properties against both bacteria and fungi. Cheng et al’® designed a sprayable
antimicrobial hydrogel using antimicrobial macromolecules (quaternized CS), photothermal antimicrobial nanoparticles
(e-poly-L-lysine grafted graphene quantum dots), and compatible macromolecules (benzaldehyde-terminated four-armed
polyethylene glycol). This hydrogel responds to acidic environments triggered by bacterial activity. Under the condition
of visible light (such as xenon light), it brings about a combined action of chemical-based treatment and photothermal
therapy, leading to bacterial membrane disruption and bacterial inactivation. This process promotes fibroblast migration
and proliferation, improves the adhesion between platelets and endothelial cells, and eventually speeds up the recovery of
diabetic wounds with infections.

Promotion of Neovascularization
Neovascularization plays a vital role in enhancing the microenvironment associated with diabetes, supplying essential
nutrients to wounds, and facilitating the process of wound closure. This is not only because blood flow provides essential
nutrients to newly forming tissues, but also because it is crucial in aiding the remodeling and reorganization of the wound
tissue. In diabetic wounds, conditions including hyperglycemia, oxidative stress-induced injury, and an imbalance in
inflammatory responses contribute to the downregulation of various angiogenesis-related cytokines (eg, VEGF) and the
impairment of the hypoxia-inducible factor-la/vascular endothelial growth factor (HIF-1o/VEGF) signaling pathway,
which ultimately leads to delayed wound healing in diabetes.>*
Yang et al’> have created a thermosensitive hydrogel using Poloxamer 407, which incorporates keratinocyte growth
factor-2 (KGF-2) and fibroblast growth factor-21 (FGF-21). This hydrogel accelerated epithelialization, granulation
tissue formation, collagen synthesis, and angiogenesis by inhibiting inflammation and enhancing the levels of alpha-
smooth muscle actin (a-SMA), collagen type III, pan-cytokeratin, and transforming growth factor-beta (TGF-p).
Additionally, it upregulated the expression of VEGF and CD31, accelerating wound healing in burn-induced skin

wounds of type 2 diabetic rats. Shao et al’®

developed a self-adaptive multifunctional hydrogel that exhibits both self-
healing properties and injectability through a reaction involving boronic esters. This reaction occurs between the
phenylboronic acid groups of 3-carboxyl-4-fluorophenylboronic acid-grafted quaternized CS and the hydroxyl groups
present in polyvinyl alcohol. The hydrogel is designed to encapsulate the pro-angiogenic drug desferrioxamine (DFO) in
the form of gelatin microspheres (DFO@G). The boronic ester bonds within the hydrogel are capable of responding
adaptively to conditions such as hyperglycemia and the presence of hydrogen peroxide, thereby reducing oxidative stress
and enabling the release of DFO@G during the initial stages of wound healing. Furthermore, a sustained release of DFO
is achieved by interacting with overexpressed MMPs. In studies involving a full-thickness diabetic wound model, the
DFO@G-loaded hydrogel significantly promotes angiogenesis by increasing the expression of HIF-1 and various
angiogenic growth factors, ultimately leading to enhanced collagen deposition and accelerated wound closure.
Thangavel et al®’ crosslinked L-glutamic acid into CS hydrogels, and the results indicated that, compared to pure CS
hydrogels, the L-glutamic acid-CS composite hydrogel-treated diabetic wounds exhibited a higher density of freshly-
sprouted blood vessels, greater collagen deposition, and a more rapid rate of wound-healing. Endothelial dysfunction is
a key factor leading to impaired angiogenesis in diabetic patients, which delays wound healing. Exosomes or extra-
cellular vesicle (EV) have emerged as potential therapeutic carriers for delivering drug cargo to diseased cells. Huang
et al’® designed an all-peptide printable hydrogel platform that utilizes highly efficient and precise one-step click
chemistry. This platform is composed of thiolated y-polyglutamic acid, glycidyl methacrylate-conjugated vy-
polyglutamic acid, and thiolated arginine-glycine-aspartate sequences. The innovative use of click chemistry in this
context enhances the hydrogel’s functionality and potential applications in wound healing and tissue engineering. Using
this all-peptide printable hydrogel platform, VEGF 165-overexpressed human umbilical vein endothelial cells are printed,
resulting in the creation of a living material characterized by high cell viability and precise control over cell spatial
distribution. This cell-laden hydrogel platform significantly accelerates diabetic wound healing in rats through sustained
release of VEGF 165, Which promotes angiogenesis, mitigates damage to vascular endothelial mitochondria, alleviates
tissue hypoxia, downregulates inflammation, and facilitates ECM remodeling.
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Anti-Oxidant Stress Damage

Under normal circumstances, when the body experiences damage or injury, an imbalance occurs between the oxidative
and antioxidant systems, leading to the production of various oxidative stress products such as superoxide anions, nitric
oxide, and hydroxyl radicals. In a typical situation, an appropriate quantity of free radicals is advantageous for the
organism as it aids in safeguarding against external damaging factors.”” However, for diabetic patients, the presence of
hyperglycemia limits the expression of the antioxidant system, resulting in a sustained increase in oxidative stress
products. This leads to the accumulation of advanced glycation end products (AGEs), which further impairs the function
of cells around the wound area and contributes to the prolonged healing of diabetic wounds.®® The main mechanisms in
which oxidative stress hampers the wound-healing process in diabetic patients®' are as follows: 1) the production of ROS
directly oxidizes macromolecules such as membrane lipids, structural proteins, enzymes, and nucleic acids, which in turn
leads to cellular dysfunction and ultimately cell death; 2) abnormal redox signaling. In oxidative stress, ROS (such as
H,0,) that are produced in a non-physiological manner can lead to abnormal redox signaling.

Currently, research on antioxidative hydrogel dressings for challenging diabetic wounds remain in the preliminary
stages. Li et al®® introduced a hydrogel enhanced with an engineered nanenzyme, which consists of natural polymers,
specifically hydrazide-modified HA and aldehyde-modified HA, along with a peroxidase-mimicking nanenzyme obtained
from metal-organic frameworks, namely mesoporous manganese-cobalt oxide that is coated with e-poly-lysine. This
hydrogel is able to both scavenge the elevated endogenous ROS in diabetic wounds and jointly generate oxygen via
ROS-induced oxygen-production mechanisms. It can also safeguard skin cells, including keratinocytes, fibroblasts, and
endothelial cells, from cell death and proliferation suppression induced by ROS and hypoxic conditions. Furthermore, it
triggers the polarization of macrophages from the pro-inflammatory (M1) phenotype to the anti-inflammatory (M2). This
action effectively promotes cell multiplication, the process of re-epithelialization, the deposition of collagen, and

angiogenesis. Consequently, it remarkably expedites the healing course of diabetic wounds. Xu et al®

developed
a multifunctional hydrogel, termed Regesi-CS, by incorporating regenerative silica (Regesi) into a non-crosslinked CS
solution. This process involved freeze-drying the mixture and subsequently rehydrating it to form the hydrogel. The
results showed that the hydrogel exhibited robust antimicrobial activity against Escherichia coli, Staphylococcus aureus,
and methicillin-resistant Staphylococcus aureus (MRSA). It also facilitated fibroblast proliferation and migration while
effectively scavenging intracellular ROS, providing protection to fibroblasts under oxidative stress conditions. In
a diabetic wound model infected with MRSA, the hydrogel demonstrated its effectiveness in promoting wound healing
by eliminating the bacterial infection, enhancing the formation of granulation tissue, fostering collagen deposition, and
improving angiogenesis. Zhu et al®* introduced stromal-derived factor-1 (SDF-1), a molecule that promotes angiogenesis
and cell migration, into a citrate-based material undergoing continuous polycondensation, thereby preparing a thermally
expandable hydrogel capable of sustained release of SDF-1. This hydrogel not only provides antioxidative benefits but
also speeds up granulation tissue development and promotes rapid wound healing.

Improving Local Tissue Hypoxia

Oxygen is of utmost importance in the generation of human energy and has the capacity to produce adenosine tripho-
sphate by means of aerobic glycolysis.®> When it comes to wound healing, an ample supply of oxygen proves to be of
great significance. The reason lies in that repair activities such as the synthesis of collagen, the resistance against bacteria,
and the multiplication of cells necessitate a large quantity of energy.®® The supply of oxygen in chronic wounds
associated with diabetes is often severely compromised due to impaired blood vessels, excessive permeation, and
heightened metabolic requirements. In necrotic regions, tissue oxygen levels frequently drop below 10 mmHg, in
contrast to normal tissue, which has transcutaneous oxygen levels of around 40 mmHg. This deficiency hinders critical
healing processes, including collagen synthesis and angiogenesis, leading to prolonged wound healing times.>* Current
treatments, including hyperbaric oxygen therapy and topical oxygen therapy, often struggle to effectively reduce wound
hypoxia. In some cases, these methods may result in localized hyperoxia, which can trigger epigenetic alterations and
disrupt the cell cycle.®” Impaired blood vessels restrict the diffusion of oxygen through the bloodstream, while tight tissue
also hinders the permeation of gaseous oxygen into wound sites.®®
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After diabetes induces injury, it promptly restricts the oxygen supply to the wound due to compromised vasculature,
leading to a state of hypoxia in the surrounding area. This hypoxia worsens due to the influx of inflammatory cells, which
have a substantial demand for oxygen. Although acute hypoxia can stimulate cell growth and trigger tissue repair,
persistent hypoxia in chronic wounds hinders angiogenesis, re-epithelialization, and the synthesis of ECM, ultimately
disrupting the healing process.®® As a result, improving oxygen levels in the tissue surrounding the wound is essential for

195 enhanced the

the healing of chronic wounds. To address the problem of localized hypoxia around the wound. Yang et a
traditional gel-based wound dressing by integrating lyophilized nanoparticles that encapsulate oxygen, which release
dissolved oxygen directly to the wound surface. Their findings indicate that nano-oxygenated hydrogels facilitate cell
migration, promote angiogenesis, and enhance cellular vitality by alleviating the hypoxic conditions experienced by
epithelial cells, endothelial cells, and fibroblasts. Patil’s team’® prepared an oxygen-releasing hydrogel dressing using
fluorinated methyl acrylamide CS, which was pre-saturated with medical-grade oxygen. The dressing was applied to
diabetic mouse dorsal wounds, and by assessing wound vascular regeneration, collagen formation, healing degree, and
oxygen levels around the wound, the findings demonstrated that the hydrogel releasing oxygen remarkably expedited the
wound healing process. Rehman et al’' utilized graphene oxide and employed UV-crosslinking to fabricate GelMA
hydrogel materials, which demonstrated a notable ability to promote keratinocyte migration and enhance wound healing
in scratch assays. Furthermore, Lee et al’* created a micro-network system embedded within a gelatin hydrogel matrix to
address the limitations of three-dimensional diffusion concerning nutrients and oxygen, thereby stimulating the genera-
tion of microvessels in ischemic and hypoxic areas, which has potential applications for diabetic wounds.

Regulation of Blood Glucose Levels
Chronic hyperglycemia can lead to insulin (INS) resistance, which in turn leads to the buildup and circulation of leftover
glucose within the bloodstream. Metabolic disorders resulting from diabetes also contribute to the overproduction of
mitochondrial superoxide, which first functions as an oxygen free radical and later evolves into various ROS.”* The
surplus glucose present in bodily tissues and the bloodstream undergoes non-enzymatic reactions with the amino groups
found in proteins, lipids, and nucleic acids within an oxidative environment, resulting in the creation of intricate
structures referred to as AGEs.”* In cases of chronic hyperglycemia, AGEs bind to their receptor (RAGE), which
triggers oxidative stress, leads to the formation of dysfunctional macrophages, and extends inflammatory responses. This
disrupts the intracellular physiological activities of endothelial cells, monocytes, and fibroblasts, preventing their normal
participation in the healing process and impairing angiogenesis and re-epithelialization.”” Extracellularly, the accumulat-
ing AGEs cause abnormal cross-linking, disrupting the normal structure of the ECM. The interaction between AGEs and
RAGE triggers the production of pro-inflammatory cytokines, adhesion molecules, and chemokines, which attract
additional inflammatory cells into the tissues, resulting in a persistent inflammatory response.’®

The topical administration of INS has also been demonstrated to remarkably enhance the process of wound healing.
However, due to INS’s short half-life and its susceptibility to inactivation in wounds rich in peptide enzymes, particularly
in diabetic wounds, the local administration of INS still faces substantial challenges.”’ Studies have reported that
hydrogels can serve as carriers for INS sustained release, thereby extending its action time.”® Hua et al’® integrated
INS into an injectable multifunctional hydrogel to meet the complex and varying wound environments encountered by
diabetic patients. This approach facilitates the controlled release of the drug as needed. The results demonstrated that the
hydrogel could release INS in response to the specific wound conditions characterized by elevated glucose levels typical

130 created a multifunctional

of chronic diabetic wounds, thereby promoting wound healing more effectively. Chen et a
hydrogel dressing that utilizes carbon monoxide gas therapy, demonstrating a continuous and controlled release of INS.
This mechanism significantly enhances the healing process for MRSA-infected diabetic wounds induced by

streptozotocin.

Inhibition of Protease Activation

The failure of chronic wounds to heal effectively is partly linked to the imbalance between proteases and their inhibitors.
In cases of chronic wounds, there is a significant rise in MMPs, including collagenase and gelatinases A and B,
accompanied by a notable increase in serine proteases. These serine proteases degrade matrix components, such as
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fibronectin, along with numerous essential growth factors that play a crucial role in ECM remodeling and cellular
proliferation.”> Regulated degradation of ECM is essential for eliminating damaged components and facilitating cell
migration and angiogenesis.®' Numerous proteases contribute to ECM degradation, with members of the MMP family
being the most significant.* MMPs are zinc-containing endopeptidases in the body that exist in dynamic equilibrium
with their respective tissue inhibitors of metalloproteinases (TIMPs) in normal wounds, playing a vital role in wound
repair.*? In the persistent inflammation associated with diabetic chronic wounds, pro-inflammatory cytokines enhance the
production of MMPs while simultaneously reducing the expression of tissue inhibitors of metalloproteinases (TIMPs),
disrupting the dynamic balance between MMPs and TIMPs. This imbalance results in the breakdown of associated
growth factors and the newly formed ECM.* Moreover, ECM degradation products themselves further induce inflam-
mation. The stimulation by pro-inflammatory cytokines and ECM degradation contributes to the movement of additional
inflammation-related cells toward the wound site, further reinforcing and perpetuating the chronic inflammatory
response, thereby greatly limiting the formation and the development of granulation tissue while hindering the shift of
chronic wounds from the inflammatory phase to the proliferative phase.®> Consequently, effectively regulating MMP
activity in the wound area has the ability to drive ECM formation, thereby facilitating wound healing.

In response to this challenge, Lin et al®® developed an injectable double-strand HA hydrogel (HA-Gel) that is
responsive to MMP-9, primarily made from oxidized hyaluronic acid (HA-CHO) and aldehyde-functionalized gelatin
(Gel-ADH). The hydrogel was combined with the drug cinnamaldehyde (CA) and locally injected into the site of injury,
where it formed a gel that adapted to the contours of the wound. As a result of MMP-9 activity, the gelatin underwent
degradation and steadily released CA, which played a critical role in inhibiting ferroptosis in endothelial cells present at
the site of the wound, thereby accelerating the restoration of diabetic wounds. Lan et al®” developed a thermosensitive
hydrogel material, based on methylcellulose, to load siRNA targeting human MMP-9 for local and sustained delivery.
The results indicated that in diabetic wound rats, the hydrogel released encapsulated siMMP-9 into the wound tissue
through temperature-sensitive control, allowing for localized and sustained delivery. This led to the silencing of the

138 demonstrated that the use of

MMP-9 gene and significantly promoted the closure of diabetic wounds. Castleberry et a
self-assembling wound dressings to silence MMP-9 expression enhanced the healing process of diabetic wounds.
Consequently, an overabundance of MMP-9 may play a significant role in the impairment of diabetic wound
healing.®® Banerjee et al” delivered a combination of RAGE and MMP-9 inhibitors into a hydrogel to achieve sustained
release and protect pro-healing signals from the protease-rich diabetic wound microenvironment. The findings suggest
that the immune-hydrogel can influence the microenvironment at the wound-hydrogel interface by targeting AGE/RAGE
signaling pathways and reducing MMP-9 expression. This modulation helps to improve macrophage function and

promotes faster healing of diabetic wounds.

Drug Release Mechanisms of Hydrogels

The diabetic wound microenvironment is characterized by complex features such as hyperglycemia, acidity, reactive
oxygen species (ROS) overload, and dysregulated protease activity, which impose dynamic adaptability requirements on
the drug release behavior of hydrogels. Moreover, in wound healing, the drug release mechanism of multifunctional
hydrogels serves as the cornerstone of precision therapy. Its design must account for both the dynamic properties of the
wound microenvironment (eg, pH fluctuations, oxidative stress, bacterial infection) and the spatiotemporal controllability
of drug release. Currently, the primary drug release mechanisms of hydrogels include: diffusion-controlled release,
swelling-controlled release, and enzyme degradation-controlled release. The release kinetics of these mechanisms are
closely associated with the pathological features of diabetic wounds.

Diffusion-Controlled Release

Diffusion-controlled release serves as the fundamental mechanism for drug release from hydrogels, wherein drug
molecules migrate through the hydrogel network pores driven by concentration gradients, with the release kinetics
governed by Fick’s law. The release rate is strongly influenced by crosslinker concentration and porous structure.”
However, in diabetic wounds, the hyperglycemic microenvironment increases tissue fluid viscosity, reducing the drug
diffusion coefficient. Additionally, excessive inflammatory factors (eg, TNF-a, IL-6) in wound exudate may adsorb onto
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the hydrogel surface, forming a biofilm barrier that further impedes diffusion. Moreover, the burst release effect inherent
in conventional diffusion-controlled systems can lead to drug wastage or localized toxicity. To address these challenges,
researchers have optimized diffusion pathways by modulating crosslinking density or incorporating nanochannels (eg,
mesoporous silica loading). For instance, Cherri et al’' developed a redox-degradable hydrogel loaded with an
antibacterial peptide (vancomycin) in a straightforward gram-scale synthesis, where adjusting disulfide bond density
reduced vancomycin diffusion rate by 40%, achieving sustained antibacterial efficacy.

Swelling-Controlled Release

Swelling-controlled release modulates drug release kinetics through hydration-induced expansion of the hydrogel
network, which increases porosity and facilitates drug diffusion. Upon absorbing wound exudate, the hydrogel swells,
enlarging its mesh size and accelerating drug release. However, diabetic wounds often exhibit “dry-wet alternation” due
to vascular dysfunction, and conventional pH-responsive hydrogels may suffer from burst release under fluctuating
wound pH (4.5-7.4). To address this, glucose oxidase (GOx)-integrated hydrogels have been developed. GOx catalyzes
the oxidation of wound glucose into gluconic acid, which protonates carboxyl-containing hydrogels, triggering on-
demand swelling and release. For example, Scheja et al®” engineered a GOx/Fe**-alginate hydrogel that demonstrated
a 2.3-fold increase in swelling ratio under hyperglycemic conditions, with synchronized insulin release. Furthermore,
photothermal-responsive swelling (eg, Pd@Au nanoframe-embedded hydrogels) enables dynamic modulation of swel-
ling behavior under near-infrared (NIR) laser irradiation, allowing spatiotemporally precise release of antibacterial agents
(eg, mupirocin) while simultaneously enabling real-time infection monitoring.”?

Enzyme-Responsive Degradation-Controlled Release

Enzyme-responsive degradation represents an advanced drug release mechanism wherein hydrogel networks undergo
progressive cleavage by specific enzymes, making it particularly suitable for diabetic wound environments characterized by
elevated protease activity. In this context, overexpressed proteases in diabetic wounds - including MMP-9 and elastase - serve
as natural triggering signals for controlled drug release. The strategic incorporation of enzyme-cleavable motifs (eg, MMP-
sensitive peptide sequences such as GPLGIAGQ) into hydrogel networks enables precise, microenvironment-responsive drug
delivery. Experimental studies demonstrated that the VEGF-loaded gelatin-hyaluronic acid enzyme-responsive hydrogel
exhibited a strong linear correlation (R*=0.91) between drug release kinetics and wound MMP-9 concentration, and
significantly enhanced angiogenic efficacy in diabetic rat models.”*

Release Kinetics Tailored to Wound Healing Phases
The drug release kinetics model provides a theoretical basis for mechanism optimization. Based on Korsmeyer-Peppas
model analysis, rapid antimicrobial release is required during the early inflammatory phase of diabetic wound healing,
where diffusion-dominated Higuchi kinetics demonstrate high fitting accuracy (n = 0.45). In contrast, sustained growth
factor release is optimal during the proliferative phase, with swelling/degradation-synergized zero-order kinetics (n >
0.89) proving more effective. Recent strategies employ multilayered core-shell structured hydrogels for spatiotemporal
controlled release. For instance, Lee et al”> developed a chitosan/collagen composite hydrogel, where the outer layer
rapidly releases Ag" via swelling for antibacterial action, while the core undergoes MMP-2-mediated degradation to
sustain bFGF release, reducing diabetic ulcer healing time to 14 days (vs 21 days in controls). Furthermore, smart
hydrogels (eg, MXene@PDA composites) integrate photothermal stimulation with oxyhemoglobin catalysis, enabling
NIR-modulated oxygen release kinetics to simultaneously scavenge ROS and promote angiogenesis, significantly
enhancing diabetic wound healing efficiency.’®

The above findings demonstrate that diabetic wound healing requires multi-mechanism coordination: pH/enzyme-
responsive swelling and degradation can adapt to dynamic wound microenvironmental changes; Photothermal/electrical
stimulation-modulated diffusion enables precise on-demand drug release; Kinetic modeling guides material design to balance
the conflict between burst release and sustained delivery. Future research should focus on: Multi-stimuli-responsive systems
(eg, pH/temperature/enzyme triple-responsive hydrogels); Bioinspired dynamic networks (eg, life-like self-healing hydrogels
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with autonomous adaptation); Machine learning -driven release prediction to tailor drug delivery to distinct pathological
phases, addressing the multifactorial complexity of diabetic wound healing.

Types of Hydrogels Currently Being Investigated for the Treatment of Diabetic
Wounds

In recent years, researchers have enhanced the structure and functionality of hydrogels, imparting them with properties
such as antibacterial, anti-inflammatory, cell proliferation-promoting, and wound-healing acceleration abilities (Table 1).
For instance, hydrogels prepared from natural polymers (eg, gelatin, HA) or synthetic polymers (eg, polyethylene glycol,
polyurethane) not only maintain a moist wound environment to prevent drying but also facilitate controlled drug release
for sustained local treatment of the wound. Furthermore, the design of smart hydrogels, such as those that react to
variations in pH, temperature, or glucose levels, has demonstrated considerable promise in the targeted treatment of
diabetic wounds. These advancements provide innovative strategies for managing diabetic wounds and establish a basis

for clinical application. The following are several representative hydrogel dressings from recent studies:

Table | Recent Studies on Hydrogel Dressings for the Treatment of Diabetic Wounds

Dressing Name Composition Mechanism of Actions Reference
MMP-9 reactive injectable Oxidized HA, Gel-ADH Locally injected and cross-linked into a gel, gelatin degradation [86]
biphasic hybrid hydrogel and CA releases CA, inhibits ferroptosis
Carboxymethyl CS hydrogel CS-NPs, MSC-Exos, BG and | Exhibits antibacterial activity, stimulates endothelial cell adhesion | [97]
TiO, and proliferation, promotes angiogenesis, enhances collagen
deposition and stimulates the production of anti-inflammatory
factors
Polysaccharide coordination Bisphosphonate-Modified - | Downregulates the NF-«B signaling pathway, polarizes pro- [98]
hydrogel Glucan, Zn** and Mg?* inflammatory M| to pro-healing M2 phenotype, and
synergistically releases Mg?* and Zn*" to upregulate PI3K/Akt
signaling, promoting proliferation, angiogenesis, re-
epithelialization, and tissue remodeling
Mg-GA MOF sprayable hydrogel | GA, Mg2+, SA, CS Rapidly eliminate ROS, reducing oxidative stress levels and [99]
Quaternary Ammonium effective anti-inflammatory. Maintain redox balance and promote
Salt angiogenesis and neurogenesis. Inhibition and elimination of
bacteria. Significantly regulates the microenvironment through
improving neurovascular network development, promoting
collagen synthesis, and facilitating re-epithelialization
CS-based hydrogel ink Carboxymethyl CS, 3D-printed hydrogel exhibits multifunctionality, including [100]
Nanoclay biodegradability, anti-swelling properties, appropriate mechanical
performance, antibacterial activity, and angiogenic capability
Self-powered black phosphorus | Triboelectric nanogenerator | Combines electrical stimulation and photothermal stimulation, [101]
nanosheet-based hydrogel and black phosphorus Repairs the healthy microenvironment of wound area,
nanosheets accelerates collagen deposition and remodeling during diabetic
wound healing
Bio-based hydrogel GelMA, cationic PEIl and Clears NETs both in vitro and in vivo, effectively reducing the [28]
PDA pro-inflammatory response associated with diabetic wounds
Viscous-biofluid self-pumping 3D-WET polymerization Adheres to the skin surrounding the wound. Significantly [102]
organo-hydrogel process downregulates the inflammatory response, enhances dermal
remodeling and shortens wound closure time
Dopamine-functionalized HA- Catechols, dopamine- Tissue adhesiveness, antioxidant capability, and excellent [35]
recombinant human collagen modified HA and rhCol photothermal effect and superior antibacterial properties.
hydrogel type Il Facilitate angiogenesis, promote wound healing processes, and
support collagen deposition
(Continued)
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Table | (Continued).

Dressing Name Composition Mechanism of Actions Reference
Cationic crosslinked hydrogel Thiourea modified HA, Ag®, | Form a gel at a low concentration of Ag and enable a slow [103]
and mangiferin release of Ag at a stable concentration to strike a balance
between antibacterial and biocompatible properties. Mangiferin
as a radical oxygen scavenger to exert antioxidant effects
ROS-scavenging tregs recruiting Gelatin, ROS-cleavable Suppress the differentiation of Th17 cells via the ROS-scavenging | [104]
hydrogel linkers, C—C motif function, defend the recruited Tregs from apoptosis and
chemokine 22 oxidative stress, quicken wound closure and boost hair follicle
regeneration
Polysaccharide/CS-arginine L-arginine conjugated CS Exhibits excellent antioxidant and antibacterial capabilities, which | [105]
hydrogel and OPP| contribute to the promotion of normal epithelial formation and
collagen deposition. By restraining the IKB-a/NF-kB signaling
pathway, it diminishes inflammation, and it heightens angiogenesis
by regulating the level of HIF-la
CS hydrogel Dihydroquercetin, Suppress the JNK signaling pathway to relieve inflammation. [106]
polysaccharides, L-arginine, | Significantly reduce the expression of TGF-BI, Smad 2, Smad 3,
and CS and Smad 4, and directly inhibit the TGF-f/Smad signaling
pathway
Thermosensitive hydrogel Poloxamer 407, CS, Effectively transports oxygen to the wound tissue, reduces the [107]
Dihydroberberine quantity of inflammatory cells and the degree of collagen
deposition, promotes angiogenesis, and stimulates cell
proliferation
Carboxymethyl CS hydrogel PE, PDA, rhEGF Significant antioxidant properties, promotes fibroblast [108]
proliferation, neovascularization, and orderly connective tissue
formation
Tunicate cellulose nanocrystals QCS-PBA, Polydopamine, Outstanding mechanical characteristics, tissue adhesion, self- [79]
strengthened injectable INS healing capabilities, antioxidant properties, and photothermal
stretchable hydrogel antibacterial effectiveness. Delivers INS on demand within the
high glucose conditions found in diabetic wounds to enhance the
healing process
3D printed hydrogel Thiolated y-PGA, GM and Stimulates angiogenesis and mitigates damage to mitochondrial [58]
thiolated arginine-glycine- structures in vascular endothelial cells, which in turn decreases
aspartate tissue hypoxia, suppresses inflammation, and aids in the
remodeling of ECM
Nanozyme hydrogel HA, L-arginine, Ultra-small Nanozyme hydrogel spray can be triggered by the [109]
gold NPs, Carbon Nitride microenvironment of DFU to diminish inflammation, alleviate
nanosheets hypoxia, lower blood glucose levels, stimulate angiogenesis, and
eradicate pathogenic bacteria
Peptide-modified chiral hydrogel | L-phenylalanine, Cationic Cationic hexapeptides selectively interact with negatively [110]
hexapeptide, HA charged microbial membranes, specifically killing multidrug-
resistant bacteria, and promote neovascularization and re-
epithelialization
ROS-responsive injectable HA-SH, HB-PBHE, Scavenges ROS, inhibits bacterial activity, exhibits anti- [111]
hydrogel Curcumin liposomes, Silver | inflammatory properties, enhances angiogenesis, and inhibits the
NPs activation of the TNF/NF-«xB pathway to alleviate oxidative stress
and inflammation in wounds associated with diabetes
Glucose-responsive antioxidant GelMA, 4- CPBA, EGCG Effectively eliminate ROS, reduce inflammation, promote [112]
hydrogel angiogenesis, and improve collagen deposition and tissue
remodeling during diabetic wound healing
(Continued)
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Table | (Continued).

Dressing Name Composition Mechanism of Actions Reference
Ganoderma lucidum OGLP, SA, CMC Promotes polarization of M| macrophages to M2 and reduces [113]
polysaccharide hydrogel intracellular ROS levels, effectively decreasing inflammation and

promoting epidermal growth, the formation of skin appendages,

and collagen deposition
pH/ROS/Glucose-responsive and | PBA-modified CMCS, OXD, | Promotes the transformation of macrophages from M| to M2 [114]
photothermal hydrogel IGF-1C, DEO, PDA and enhances angiogenesis by up-regulating the expression levels

of HIF-10, VEGF, CD3I, and a-SMA
Exosome/metformin-loaded self- | Thiolated PEG, Ag, Promotes cell proliferation and angiogenesis, alleviates [I15]
healing conductive hydrogel Metformin, Exosomes peritraumatic inflammation and vascular injury, and reduces ROS

levels by disrupting mitochondrial fission, thereby protecting

F-actin homeostasis and alleviating microvascular dysfunction to

promote wound healing
Glucose and MMP-9 dual- INS, Celecoxib, PVA, CS, Releasing INS and celecoxib on demand in a setting characterized | [I16]
responsive hydrogel PBA by elevated glucose levels and MMP-9, simultaneously promotes

cell proliferation, migration, and glucose consumption while

alleviating inflammation
Asymmetrical double-layer CS, jellyfish collagen, WCS, | Providing long-lasting antimicrobial properties, exhibiting [117]
structural adhesive hydrogels Poly(acrylic acid) antioxidant capacity, and promoting macrophage polarization

toward the M2 phenotype. A mutually supportive cycle of

neurogenesis and angiogenesis is established at the wound site
Antibacterial and antioxidant PBA-modified CMCA, RA Facilitates the migration of crucial L929 cells, triggers M2 [118]
rosmarinic Acid hydrogel polarization within macrophages, restrains the secretion of pro -

inflammatory cytokines, boosts the proliferation of epidermal

and granulation tissues, and accelerates collagen deposition
Carboxymethyl CS-based CMCS, OPC, OXD and Regulating the inflammation environment by up-regulation anti- | [119]
antioxidant hydrogel DFO inflammatory factors (IL-4 and IL-10) and down-regulation pro-

inflammatory factors (TNF-a and IL-6), and promoting

angiogenesis by up-regulation HIF-1a, VEGF, and CD31 to

accelerate diabetic wound healing
pH/glucose dual-responsive Paramyosin, Oxidized Diminish the invasion of bacteria, relieve oxidative stress, [120]
protein-based hydrogels dextran and Amikacin advance re-epithelialization, and enhance collagen deposition
Anisotropic bioactive nanofiber | Fibrinogen, PEO and VEGF- | Effectively accelerating diabetic wound healing through the [121]
hydrogel mimetic peptide utilization of the triadic synergy in the immune-angiogenic-

neurogenic microenvironments

Abbreviation: BG, Bioactive Glass; CA, Cinnamaldehyde, CMCS; Carboxymethyl chitosan; CPBA, Carboxyphenylboronic acid; CS, Chitosan; DFU, Diabetic foot ulcers;
DFOQ, Deferoxamine; ECM, Extracellular matrix; EGCG, Epigallocatechin-3-gallate; GA, Gallic acid; Gel MA, Methylacrylyl gelatin; Gel-ADH, Hydrazide-grafted gelatin; GM,
Glycidyl methacrylate; HA, Hyaluronic acid; HA-SH, Thiol-modified hyaluronic acid; HB-PBHE, Disulfide-bonded hyperbranched polyethylene glycol; HIF-10, Hypoxia-
inducible factor-1 alpha; IGF-IC, Insulin-like growth factor IC; IKB-a, Inhibitor kappa B alpha; IL, Interleukin; INS, Insulin; JNK, Jun N-terminal kinase; Mg-GA MOF,
Magnesium-gallate metal-organic frameworks; MMP-9, Matrix metalloproteinase-9; MSC-Exos, Mesenchymal stem cell-derived exosomes; NETs, Neutrophil extracellular
traps; NF-Kb, Nuclear factor kB; NPs, Nanoparticles; OCS, Oxidized chondroitin sulfate; OGLP, Oxidized ganoderma lucidum polysaccharide; OPC, Oligoprocyanidins;
OPPI, Aldehyde functionalized polysaccharides of phellinus igniarius; OXD, Oxidized dextran; PBA, Phenylboronic acid; PDA, Polydopamine; PE, Pectin; PEG, Polyethylene
glycol; PEl, Polyethyleneimine; PEO, Polyethylene oxide; PGA, Polyglutamic acid; PFD, Pirfenidone; PI3K, Phosphatidylinositol 3-Kinase; PVA, Polyvinyl alcohol; RA,
Rosmarinic acid; rhCol, Recombinant human collagen; rhEGF, Recombinant human epidermal growth factor; ROS, Reactive oxygen species; SA, Sodium alginate; TGF-,
Transforming growth factor-f; Th17, T helper 17; TiO,, Titanium dioxide; TNF, Tumour necrosis factor; 3D-WET, Three-dimensional-templated wetting-enabled-transfer;
QCS-PBA, Phenylboronate esters with phenylboronic-modified quaternized CS; VEGF, Vascular endothelial growth factor; WCS, Water chestnut starch; a-SMA, o-Smooth
muscle actin.

Antibacterial Hydrogels

Antibacterial hydrogels are vital in the repair of diabetic wounds, especially in their function of inhibiting infections and
enhancing the healing process. Diabetic patients, due to weakened immune function, are far more likely to be afflicted by
bacterial infections. These infections can decelerate the wound-healing process and lead to complications. Antibacterial
hydrogels, by embedding antimicrobial agents (eg, silver ions, ethylene oxide, or natural antibacterial substances), can
continuously release these agents, effectively inhibiting bacterial growth and minimizing the likelihood of infection.'’
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Concurrently, these hydrogels provide a moist healing environment that promotes cell migration, tissue repair, and
alleviates inflammation, thus accelerating wound healing. The attributes of their biocompatibility and localized drug
release qualities render them highly suitable for treating diabetic wounds.'** Currently, antibacterial hydrogels are
primarily categorized into: self-antibacterial hydrogels, antimicrobial agent-containing hydrogels, and hydrogels contain-
ing agents that activate antibacterial functions.

Self-Antibacterial Hydrogels — Chitosan (CS) Series

Self-antibacterial hydrogels have shown distinctive benefits in the healing of diabetic wounds. Unlike conventional anti-
bacterial hydrogels, self-antibacterial hydrogels utilize their inherent antibacterial properties (such as those imparted by
surface modifications with natural polymers or synthetic materials) to form a stable protective layer at the wound site,
successfully suppressing bacterial development and lowering the likelihood of infection.'** These hydrogels not only preserve
moisture at the wound site and facilitate the healing process, but they also demonstrate low cytotoxicity and favorable
biocompatibility. This ensures that the surrounding healthy tissue remains unharmed throughout the wound healing process.'®
Additionally, by slowly and continuously releasing antibacterial agents, self-antibacterial hydrogels help accelerate the healing
of diabetic wounds. The benefits are particularly significant for diabetic individuals with impaired immune functions, as it
notably decreases the rate of chronic wound infections and enhances the effectiveness of treatments.'**

With the exception of CS, most hydrogels derived from natural sources do not possess significant antibacterial properties.
Research has indicated that CS-based hydrogels can be effectively utilized for wound healing due to their natural antibacterial
traits.'>1?° CS hydrogels are capable of absorbing cellular secretions and creating a thin protective layer over the cells, which
helps to block microbial intrusion from the outside environment.'?” The antibacterial action of CS is primarily linked to its
positively charged polysaccharide structure that includes free amino and hydroxyl groups, which facilitates ease of chemical
modification and cross-linking.'*® Owing to its positive charge, CS has a heightened affinity for negatively charged bacteria,
engaging with them through both electrostatic and hydrophobic interactions. This interaction facilitates the accumulation of
CS on the surface of bacterial cell walls, where it disrupts the integrity of the bacterial membrane. Consequently, this
disruption leads to cytoplasmic leakage and the release of proteins and other vital cellular constituents, ultimately culminating
in the lysis and death of the bacteria.'*>'*° Lin et al'*' created a hydrogel composed of CS and HA that is both drug-free and
non-crosslinked, which combines the multiple functions of CS and HA to synergistically heal diabetic wounds infected with
MRSA. The findings indicated that CS/HA hydrogels possess broad-spectrum antibacterial properties, effectively promoting
fibroblast proliferation and migration. Additionally, these hydrogels demonstrate excellent ROS scavenging abilities, provid-
ing significant protection to cells under oxidative stress conditions. In diabetic mouse wounds infected with MRSA, CS/HA
hydrogels significantly advanced wound healing by eradicating MRSA infection and enhancing epidermal regeneration,
collagen deposition, and angiogenesis. Furthermore, quaternary ammonium salts, which have bacterial membrane-disrupting
activity, which are frequently utilized in conjunction with polymers to improve their antibacterial effectiveness. Using CS and
konjac glucomannan as raw materials, a hydrogel for wound injection was prepared through Schiff base linkage, which
showed significant antibacterial efficacy against both Gram-positive Staphylococcus aureus and Gram-negative Escherichia
coli, while also demonstrating promising performance in promoting wound healing.'** Shao et al’® created an injectable,
adaptive multifunctional hydrogel with self-healing properties by grafting 3-carboxy-4-fluorophenylboronic acid onto
quaternized CS. The phenylboronic acid groups of this hydrogel reacted with the hydroxyl groups of polyethylene glycol
via boronate ester bonds. This hydrogel adapts to high glucose and hydrogen peroxide levels, mitigating oxidative stress. It
promotes angiogenesis by enhancing the expression of HIF-1 and VEGF, resulting in collagen deposition and expedited
wound healing. Wang et al'** formulated a multifunctional hydrogel dressing based on CS, which incorporated quaternary
ammonium salt and catechol-modified CS, thioctic acid-functionalized poly(ethylene glycol)s, along with polydopamine-
coated honeycomb manganese dioxide nanoparticles. This hydrogel demonstrated superoxide dismutase and catalase activ-
ities, allowing it to scavenge ROS while producing oxygen to reduce oxidative stress and improve the hypoxic conditions in
wounds. Additionally, it facilitated the modulation of macrophage polarization to lessen inflammation. This hydrogel
effectively managed diabetic wound infections associated with Staphylococcus aureus, reduced oxidative stress, inhibited
inflammation, encouraged neovascularization, and promoted the synthesis of dermal collagen, thus expediting the wound
healing process.
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Hydrogels Loaded with Antibacterial Agents

Since most hydrogels do not inherently possess antibacterial properties, they need to be loaded with antibacterial agents
(such as inorganic ions, inorganic particles, organic natural products, antibiotics, antimicrobial peptides, etc). that can
continuously release drugs at the wound site. This local drug delivery helps control infection and achieve antibacterial or
bacteriostatic effects, thereby promoting rapid wound healing.'** Antibiotics represent the most frequently utilized and
efficient agents for combating bacterial infections, but the overuse of antibiotics in recent years has severely impaired
their efficacy. Therefore, how to precisely control the use of antibiotics and maximize their effectiveness has become
a research hotspot. Hydrogels loaded with antibiotics can ensure that antibiotics reach bactericidal concentrations directly
at the local site, avoiding the toxic side effects of systemic application. Common antibiotics loaded into hydrogels
include ciprofloxacin, gentamicin, and vancomycin. Mendes et al'* introduced a spongy-like hydrogel based on gellan
gum (GG), designed as a topical and controlled drug delivery system (DDS) for vancomycin and clindamycin, aimed at
enhancing dual antibiotic treatment for MRSA in diabetic foot infections (DFI). The developed DDS possesses properties
suitable for local application and facilitates controlled release of both antibiotics, notably decreasing in vitro cytotoxic
effects associated with antibiotics while preserving their antibacterial efficacy. The hydrogel treatment for MRSA-
infected wounds significantly reduced bacterial load, minimized persistent infiltration of inflammatory cells, and
promoted wound healing in diabetic patients. Wang et al'*® developed a drug-delivery hydrogel that responds to
inflammation by linking silver nanoclusters with vancomycin and incorporating pH-sensitive micelles containing
nimesulide. The hydrogel demonstrated outstanding biocompatibility and hemostatic characteristics, showcasing notable
antibacterial and anti-inflammatory effects. It facilitated wound healing in diabetic infected wounds by promoting
continuous hemostasis along with antimicrobial and anti-inflammatory mechanisms. Xu et al'** developed a highly
stretchable, adhesive, transparent, and antibacterial hydrogel using a one-pot radical polymerization process involving
N-[tris(hydroxymethyl)] acrylamide (THMA) and acrylic acid (AA). CS and the antibiotic tobramycin were utilized as
dynamic physical crosslinkers in the formulation. In vivo studies conducted on a Staphylococcus aureus-infected full-
thickness diabetic skin wound model demonstrated that the tobramycin-loaded hydrogel exhibited prolonged antibacterial
activity and significantly accelerated wound healing.

Antibacterial metal ions such as Ag’, Cu?’, and Zn®>" have been widely used in hydrogels to enhance their
antibacterial effects.'*” Alven et al'*® prepared a hydrogel loaded with silver nanoparticles, which exhibited good
antibacterial efficacy against Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa, and Escherichia coli,
significantly improving diabetes-induced wound healing. Lian et al®® introduced the application of magnesium-gallate
metal-organic frameworks (Mg-GA MOF) to adjust the oxidative stress microenvironment and created a hydrogel
dressing composed of sodium alginate/CS quaternary ammonium salts. The CS quaternary ammonium salts are
antimicrobial, while GA provides sustained release to eliminate ROS, reduce oxidative stress, promote macrophage
polarization, and maintain redox balance. Magnesium ions assist in promoting angiogenesis and neurogenesis. This
hydrogel dressing effectively facilitates the rapid healing of diabetic wounds by enhancing the regeneration of the
neurovascular network, speeding up re-epithelialization, and promoting collagen deposition. Zhang et al'** developed an
intelligent stimuli-responsive multifunctional hydrogel that enables pH-triggered sequential delivery of silver-curcumin
polydopamine nanoparticles (PDA@Ag&Cur NPs) and vascular endothelial growth factor (VEGF) by targeting the
acidic wound microenvironment. Both in vitro and in vivo studies demonstrated that this hydrogel effectively eradicated
bacterial infections, suppressed excessive inflammation, and promoted angiogenesis, leading to significantly accelerated
diabetic wound healing. This study highlights a time-dependent precision drug delivery strategy based on dynamic
wound healing stages, establishing a novel paradigm for multi-phase synergistic intervention in chronic wound therapy.
Long et al'*® designed a novel micro-fibrillated cellulose (MFC)-reinforced natural polymer composite sponge using
carboxymethyl chitosan (CMC) and oxidized starch (OS) as matrix materials. Through functionalization with silver
nanoparticles (AgNPs) and recombinant human type III collagen (rhCol III), this system exhibited broad-spectrum
antimicrobial activity while promoting the proliferation and migration of L1929 fibroblasts. It significantly accelerated
wound healing by suppressing inflammation, promoting angiogenesis, and enhancing cell proliferation.

7564 https: International Journal of Nanomedicine 2025:20



He et al

Hydrogel Capable of Activate Antibacterial Function

Hydrogels Loaded with Photothermal Materials

Hydrogels loaded with photothermal materials have shown unique advantages in diabetic wound healing, particularly
in promoting healing and combating infection. By embedding photothermal materials (such as gold nanoparticles,
carbon nanotubes, etc). into hydrogels, these materials can generate localized heat under near-infrared (NIR) light
exposure and increase in local temperature enhances blood circulation, accelerates metabolism, and stimulates cell
proliferation, contributing to wound healing.'*'"'** Moreover, the photothermal effect generates substantial heat, which
disrupts bacterial proteins and effectively inhibits bacterial growth, thereby reducing the risk of infection. This is
particularly important for diabetic patients, who often have weakened immune systems, as preventing wound infection
is crucial.'*

1'** constructed an intelligent black phosphorus hydrogel with sprayable and NIR responsive properties.

Jiang et a
When irradiated by NIR laser, it produces local heat, which speeds up the blood flow in the microcirculation. It mediates
lidocaine release in an “on-demand” manner, providing pain relief for diabetic wounds, eliminating bacteria, and
reducing inflammation. Furthermore, the hydrogel promotes endothelial cell proliferation and angiogenesis to protect

1'% prepared an NIR-responsive, ROS-

tissues from external influences and accelerate chronic wound healing. Huang et a
generating, antibacterial nanohydrogel incorporating black phosphorus quantum dots. Under NIR irradiation, the hydro-
gel produced ROS, lipid peroxidation, glutathione, adenosine triphosphate accumulation and bacterial membrane
destruction, which had synergistic effect on inhibiting MRSA, and promoted wound healing of MRSA infection in
diabetic rats by reducing inflammatory response and regulating the expression of VEGF and basic fibroblast growth
factor (bFGF). Ding et al'*® prepared novel gold cage (AuNCs) modified with epigallocateching allate (EGCG), which
produced a large amount of ROS under NIR irradiation to promote bacterial membrane rupture, induce bacterial lysis and
apoptosis, facilitate the migration and proliferation of human umbilical endothelial cells, mitigate mitochondrial damage
and oxidative stress under conditions of infection. It also significantly increased the expression of bFGF and VEGF,
promoted cell migration and angiogenesis in diabetic rats, inhibited Staphylococcus aureus activity, reduced cell
oxidative stress, restored damaged mitochondrial function, and promoted wound healing.

Hydrogels with ROS-Responsive Materials

Hydrogels incorporating ROS-responsive materials hold significant potential in the repair of diabetic wounds, particu-
larly in promoting wound healing and regulating the local redox environment. Diabetic wounds are often associated with
chronic inflammation and oxidative stress, contributing to a delay in the healing process. By embedding ROS-responsive
materials (such as catalase, metal oxide nanoparticles, etc). into hydrogels, these materials can respond to the local
oxidative stress environment at the wound site, automatically releasing substances with antioxidant properties, reduces
excessive ROS accumulation, suppress the inflammatory response and enhance the wound healing process.'*’

Chen et al'*® developed an injectable thermosensitive hydrogel based on niobium carbide (Nb2C), which exhibits
both antioxidant and antibacterial properties. This hydrogel effectively eliminates ROS, reduces oxidative damage,
eradicates bacterial infections, and fosters angiogenesis to support the healing of diabetic wounds. Zhang et al'*’
developed a flexible conductive hydrogel dressing that possesses intrinsic ROS scavenging properties and electro-
activity, aimed at wound combination therapy and monitoring. The antioxidant hydrogel, when used in conjunction
with electrical stimulation, synergistically enhances the healing of chronic diabetic wounds. It achieves this by
regulating oxidative stress, reducing inflammation, and promoting key processes such as re-epithelialization, angio-
genesis, and collagen deposition. Wei et al'>® created an innovative spongy macroporous hydrogel with a stable
macroporous structure and anti-swelling properties. This hydrogel exhibits excellent anti-swelling ability, strong
antibacterial performance, and ROS-scavenging ability (96% scavenging rate at 120 minutes), which together facilitate

diabetic wound healing.

Environment-Specific Responsive Hydrogels
Environmentally responsive hydrogels possess significant potential for applications in the healing of diabetic wounds.
These hydrogels are capable of responding to particular local stimuli present at the wound site, including factors like pH,
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glucose concentration, and temperature. This responsiveness facilitates accurate drug release, sustains a moist environ-
ment for the wound, encourages cellular growth and repair, and effectively modulates local inflammatory responses. '’
Through these functionalities, environmentally responsive hydrogels enhance the healing process of diabetic wounds
while simultaneously decreasing the risk of infections and complications. This ultimately leads to improved treatment
outcomes for patients.® With the continuous innovation of technology, these intelligent hydrogels are projected to assume
a more significant role in the repair of diabetic wounds.

Zhao et al'> created injectable gels that are responsive to both pH and glucose by crosslinking phenylboronic acid
with a schiff base. The raw materials used in this process included phenylboronic acid modified CS, polyvinyl alcohol,
and polyethylene glycol capped with benzaldehyde. During the in-situ crosslinking process, protein drugs and living cells
can be encapsulated in the hydrogel, indicating that the hydrogel has a sustained or glucose-induced stimulus response to
release drugs. Consequently, the hydrogel combined with INS and fibroblasts can function as a bioactive dressing for the
healing of diabetic wounds. The addition of INS and 1929 cells to the hydrogel facilitates angiogenesis and collagen
accumulation, thereby improving the wound healing process. Huang et al'>* introduced a temperature-responsive self-
contractile nanofiber/hydrogel composite dressing, which consists of electrospun poly (lactic acid-trimethyl carbonate)
nanofibers integrated with antimicrobial peptide Epinecidin-1@CSnanoparticle-loaded methacrylated gelatin hydrogel.
This composite dressing effectively alters the microenvironment of diabetic wounds, encourages collagen accumulation
and angiogenesis, alleviates inflammation, and enhances wound closure through forces triggered by temperature-induced
contraction. Chen et al'>* developed a copper-based MOF nanozyme and incorporated glucose oxidase (GOX), resulting
in the creation of Cu-MOF/GOX. This was subsequently combined with CS-Arg (CS modified by L-Arginine) and
Pluronic (F127) to formulate a multifunctional Cu-MOF/GOX-Gel thermosensitive hydrogel. At the wound site, the
GOX utilized elevated blood glucose levels to produce H,O, (hydrogen peroxide) and gluconic acid, thereby triggering
an effective antibacterial self-cascade catalytic reaction during the early phases of wound healing. As the catalysis of the
in situ produced H,O, continued, nitric oxide (NO) was gradually released from the hydrogel, fostering angiogenesis and
collagen production, which in turn expedited the overall healing process. Liang et al'>' developed a hydrogel dressing
that releases metformin in response to both pH and glucose levels. This dressing boasts the ability to release metformin in
a stimulus-responsive manner while enhancing adhesion and self-healing capabilities. It features a dual dynamic adhesion
mechanism that allows for easy removal and effective adhesion, making it suitable for treating wounds associated with
diabetic foot conditions. Hua et al’”’ formulated an injectable multifunctional hydrogel (QPTx) that demonstrates
outstanding mechanical properties along with triple responsiveness to pH, temperature, and glucose. This responsiveness
is attributed to dynamic covalent cross-linking involving dynamic Schiff base bonds and phenylboronate esters, utilizing
phenylboronic-modified quaternized CS (QCS-PBA), polydopamine-coated tunicate cellulose crystals (PDAn@TCNCs),
and polyvinyl alcohol (PVA). Additionally, these hydrogels have the capacity to encapsulate INS drugs, enabling them to
adjust to the intricate and fluctuating wound environment of diabetic patients for on-demand drug release, ultimately
facilitating diabetic wound healing. Pan et al'>> developed a hydrogel dressing (HPC) that responds to both pH and
glucose through a dual dynamic crosslinking process involving Schiff base and phenylborate ester. This was achieved by
combining m-aminophenylboronic acid with adiponed-hydrazide dual-functionalized HA (AHP) and oxychondroitin
sulfate (OCS). Subsequently, polydopamine reduced graphene oxide complex glycine modified fullerene (GPC) having
photothermal/photodynamic synergistic antibacterial properties and pirfenidone (PFD), a drug having angiogenesis
promoting and inflammation inhibiting effects, were loaded into HPC hydrogel, which exhibited significant wound
healing promoting effects by reducing infection and inflammation, accelerating wound healing, and promoting the
regeneration of the epidermis, deposition of collagen, and formation of new blood vessels.

In recent years, green synthesis strategies have emerged as an environmentally friendly and efficient approach for
diabetic wound therapy by integrating natural antibacterial components (eg, plant extracts, biocompatible polysacchar-
ides) with smart responsive materials. For instance, antibacterial active compounds derived from mint extracts can be
incorporated into thermosensitive hydrogels via green extraction techniques (eg, supercritical CO, extraction). This
approach not only circumvents the antibiotic resistance issues associated with traditional synthetic antimicrobials but
also enables controlled drug release through temperature-responsive behavior, thereby enhancing diabetic wound
healing efficacy.'>® Studies demonstrate that thermosensitive hydrogels based on poloxamer/chitosan systems (eg,
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Poloxamer 407/chitosan) can undergo phase transitions in response to wound microenvironment temperature changes,
enabling precise release of natural antibacterial components (eg, mint-derived phenolic compounds) and pro-healing
factors. This dual functionality synergistically suppresses drug-resistant bacterial infections while promoting
angiogenesis.'"’

High Adhesive Hydrogels

High adhesive hydrogels offer significant advantages in diabetic wound healing. Because of their remarkable adhesive
qualities, these hydrogels can securely attach to the surface of wounds, reducing the risk of exposure, effectively
safeguarding the area from outside contaminants, and preserving a moist environment to enhance the healing
process.'>” Moreover, the strong adhesive capability allows these hydrogel dressings to release medication (such as
antimicrobial agents and growth factors) in a direct and gradual manner at the site of injury, thereby facilitating tissue
regeneration, inhibiting infection, and enhancing local microcirculation as well as nutrient delivery during the wound
healing process.® Their excellent biocompatibility and stability render them an ideal repair material for treating chronic
diabetic wounds.

Liu et al'*® developed a modified polyacrylamide hydrogel with strong adhesive capability by grafting nitrogen-
containing bases (A, G, C, T, U) onto acrylamide and then conducting either single or paired polymerization to obtain
the base-grafted polyacrylamide hydrogel. The adhesion of hydrogels polymerized with A-U, A-T, or G-C pairs was
considerably improved as a result of the hydrogen bonds formed between the base pairs. The hydrogel was used in
adhesion and tensile experiments with various materials, and the findings demonstrated that this hydrogel demonstrated
outstanding adhesive characteristics on surfaces such as glass, rubber, plastic, iron products, wooden materials, and
animal tissues. Xu et al'** developed an innovative hydrogel characterized by high stretchability, excellent adhesion,
transparency, and antibacterial properties. This hydrogel was synthesized through the free radical polymerization of
THMA and AA. CS and the antibiotic tobramycin served as dynamic physical crosslinkers in its formulation. The
resulting hydrogel demonstrated significant adhesion to diverse surfaces and exhibited prolonged antibacterial efficacy
against Staphylococcus aureus in full-thickness diabetic skin wound models, thereby significantly enhancing the
wound healing process. Zhang et al'>® developed an adhesive HA hydrogel that forms in situ. Upon exposure to
light irradiation, the nitrosoformaldehyde group generated by this hydrogel can covalently bond with amino groups
present on tissue surfaces, resulting in enhanced tissue adhesion. This mechanism significantly promotes diabetic
wound healing by modulating macrophage polarization and facilitating angiogenesis. Liu et al'®® developed
a conductive hydrogel patch characterized by exceptional transparency, strong adhesion, and hemostatic properties.
This innovative patch allows for visual monitoring of wound healing progress and effectively enhances the healing of
diabetic wounds. It achieves this through several mechanisms, including accelerating hemostasis, enhancing inter-
cellular communication, preventing wound infections, facilitating collagen deposition, and promoting angiogenesis.
Wang et al'®" developed a hydrogel that responds to both pH and ROS, which displayed remarkable mechanical
properties as well as robust adhesion attributed to Schiff base and phenylboronic ester linkages. This hydrogel
accelerated diabetic wound healing by modulating macrophage phenotype through the NF-kB/JAK-STAT signaling
pathway, alleviating oxidative stress, and enhancing both cell migration and angiogenesis. Liu et al'®* developed
a multifunctional hydrogel dressing characterized by temperature resistance, durability, strong adhesion, and inherent
antimicrobial properties. The hydrogel demonstrated super-stretchability (>1400%), long-lasting moisture retention
and adhesion, which effectively promoting diabetic wound healing by hastening collagen deposition, spurring
angiogenesis, and curbing bacterial proliferation. Yin et al'® developed a multifunctional bio-adhesive hydrogel
through dynamic covalent and light-triggered covalent bonds. The adhesive strength of hydrogel measured at 180
kPa is 4.35 times that of fibrin glue, which can significantly reduce bacterial load, accelerate polarization of M2
macrophages, mitigate inflammation, and enhance the healing process of wounds.

Diabetes Wound Dressing Currently Used in Clinic
Currently, the treatment of diabetic wounds relies on comprehensive management strategies, including controlling blood
glucose, preventing infection, promoting wound healing and alleviating pain and discomfort. In clinical practice, the
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choice of diabetic wound dressings is particularly important, because diabetic patients are often accompanied by
microangiopathy and neuropathy, resulting in slow wound healing process and prone to infection. In recent years,
many innovative dressings have been introduced and achieved remarkable results in clinical practice. Currently
Commonly used diabetes wound dressings include the following types:

Moisture-retentive dressings: Such as hydrocolloid dressings, alginate dressings, and polyurethane dressings, which
have excellent absorbency and gel-forming properties. These dressings can quickly absorb exudate from the wound,
maintaining a moist environment that promotes cell migration and proliferation, encourages epithelialization and
angiogenesis, reduces dryness and crusting, and significantly accelerates the healing process.*®'®*

Silver ion dressings: Silver has strong antibacterial properties, which can effectively prevent wound infections and
maintain a sterile wound environment. Silver ions penetrate bacterial cell membranes, disrupt their structure, and inhibit
bacterial growth. Silver ion dressings are effective in inhibiting the growth of common microorganisms, including
staphylococcus aureus and pseudomonas aeruginosa, thereby lowering infection susceptibility and promoting wound
healing to a certain degree.'®>'%°

Biomaterial-based dressings: Such as collagen dressings, skin substitutes and growth factor dressings. These dressings
through hydrogel-based sustained-release systems to continuously release high concentrations of bioactive factors over
extended periods, stimulating skin cell proliferation, migration and differentiation. This facilitates the healing process of
wounds and improves the restorative capability of skin structures. Biomaterial-based dressings have demonstrated
effective outcomes, particularly in managing chronic diabetic foot ulcers and other difficult-to-treat wounds.'®”'®

Negative pressure wound therapy (NPWT): NPWT is a technique that accelerates wound healing by applying external
negative pressure to draw exudate from the wound and promote blood flow. It is especially effective for extensive and
profound diabetic wounds, as it can notably lower the likelihood of infection, minimize swelling, and encourage the
development of granulation tissue.'®'"°

In conclusion, various types of dressings are available for the management of diabetic wounds. When choosing the
suitable dressing in clinical settings, it is important to take into account elements like the wound classification, the risk of
infection, and the individual patient’s circumstances. Thoughtful selection of different dressing types can greatly enhance
the rate of healing for diabetic wounds, minimize complications, and improve the patient’s overall quality of life. Table 2

includes some of the currently used adjunctive materials for the treatment of diabetic wounds.

Table 2 Some Clinically Used Dressings for Treating Diabetic Wounds

Type of Dressing

Composition

Characteristics

Indications

Hydrogel dressing

Alginate dressing

Sponge (Foam)
dressing

Film dressing

Three-dimensional hydrophilic

polymer network

Polysaccharide extracted from
brown algae

Silicone or polyurethane

Adhesive and porous transparent
polyurethane film

Strong exudate absorption, excellent
moisturizing properties (facilitates necrotic
tissue removal), transparent material (enables
direct observation of the wound), capable of
carrying active molecules, easy to remove and
change dressings

Good exudate absorption (forms a gel-like
consistency upon absorption), hemostatic,
dissolves necrotic tissue, provides a moist
healing environment

High absorption capacity, semi-permeable
(blocks bacteria), maintains warmth and

moisture, provides cushioning protection

Good breathability, waterproof and bacteria-
resistant, allows wound observation

Wounds with light to moderate
exudation

Infected or non-infected wounds

with moderate to heavy exudate

Wounds characterized by
moderate to significant exudate,
including chronic ulcers and post-
surgical incisions

Shallow, non-infected wounds with
light exudation or epithelializing
wounds

(Continued)
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Table 2 (Continued).

Type of Dressing

Composition

Characteristics

Indications

Cellulose dressing

Hydrocolloid

dressing

Silver lon dressing

Vaseline gauze

Collagen dressing

Negative pressure
wound therapy

Biological dressing

Traditional
Chinese medicine

dressing

Natural or synthetic cellulose

A composite of hydrogel,
synthetic rubber, and adhesive
polymers (such as gelatin,
polyvinyl alcohol, etc).

Polymers or dressings containing
silver ions

Cellulose and vaseline

Natural collagen

Specialized equipment and
dressings

Biological materials, such as
collagen, dermal substitutes
Combination of traditional
Chinese medicine ingredients and

modern materials

High absorption, maintains a moist environment

Soft, breathable, strong exudate absorption,
excellent moisturizing properties (facilitates
necrotic tissue removal), good skin adhesion

Significant antimicrobial effects, controls
infection, dissolves necrotic tissue

Inexpensive, dry, requires frequent dressing
changes, prone to secondary injury, bacteria can
easily invade, higher risk of infection

Promotes cell proliferation and regeneration,
mimics skin structure

Promotes blood circulation and wound healing
through negative pressure

Promotes new tissue growth, provides

a conducive environment for healing

Anti-inflammatory, promotes healing

Chronic wounds and those with
excessive exudate

Wounds with light to moderate
exudation, such as pressure ulcers
and superficial wounds

Wounds with high infection risk,
burns, and chronic wounds
Widely used, but may require
additional operations or
medications in complex wound
treatments

Chronic wounds, especially diabetic
foot ulcers

Large or deep wounds, post-
surgical wounds and chronic ulcers
Severe trauma, burns, and chronic
ulcers

Used in conjunction with both
traditional Chinese and Western

medicine treatments

Critical Comparison of Different Hydrogel Types

Hydrogels, as hydrophilic materials with three-dimensional network structures, have demonstrated broad application

potential in biomedical engineering, flexible electronics, environmental science, and related fields. In the context of

diabetic wound healing, significant progress has been made in the design and application of multifunctional hydrogels.

However, the advantages and limitations of different hydrogel types directly influence their clinical applicability. Table 3

provides a critical comparative analysis of existing hydrogel systems, evaluating them based on material composition,

functional properties, and clinical performance.

Based on the above analysis, the advantages and disadvantages of different hydrogel types are intrinsically linked to

their design objectives. Among them, smart-responsive hydrogels are suitable for dynamic microenvironment regulation

but require a balance between response speed and stability; natural material-based hydrogels prioritize biocompatibility

Table 3 Comparative Analysis of Hydrogel Types for Diabetic Wound Healing

Hydrogel Representative Types Advantages Disadvantages

category

Smart- pH-, glucose-, ROS-, Dynamic adaptability: Capable of real-time High complexity: Requires multi-component
responsive temperature-responsive response to diabetic wound coordination (eg, nanozymes, dynamic
hydrogels hydrogels microenvironment (eg, hyperglycemia, crosslinking bonds), leading to complicated

hypoxia, ROS overload) for on-demand drug
171

release or function switching.
Precision therapy: When integrated with real-
time monitoring systems, electrochemical
detection of wound pH and glucose levels

enables closed-loop drug delivery.I72

preparation processes and potential
173

biocompatibility risks.
Instability concerns: Dynamic response
mechanisms may prematurely trigger or fail
due to microenvironmental fluctuations,

compromising long-term efﬁcacy.I74

(Continued)
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Table 3 (Continued).

based hydrogels

Conductive/
electroactive
hydrogels

Nanocomposite-
enhanced
hydrogels

3D-printed
personalized
hydrogels

hydrogels

pOlypyrrole nanofiber-
reinforced conductive
hydrogels

Nanozyme- (eg, MnO,
nanosheets), metal
nanoparticle- (eg, AgNPs)
incorporated hydrogels

Highly self-supporting
carboxymethyl chitosan inks

immune rejection risks, making them suitable
for prolonged wound contact.' 77

Green fabrication: Primarily utilize physical
crosslinking (eg, hydrogen bonds,
coordination interactions), avoiding toxicity
issues associated with chemical

crosslinkers.'”?

Tissue regeneration promotion: Electrical
stimulation activates endogenous electric
fields to accelerate angiogenesis,
neurogenesis, and macrophage polarization
toward M2 phenotype, comprehensively
improving healing outcomes.'””

Multimodal synergy: Combined antibacterial/
drug-loading capabilities enable integrated
therapy and monitoring.I72

Multifunctional synergy: Nanomaterials confer
antibacterial (“nanoknife” effect), catalytic
(H,O, decomposition for oxygen generation),
and mechanical reinforcement properties,
significantly improving healing efficiency.'”'"'”®
Structural tunability: 2D nanosheets (eg, EM
nanosheets) optimize hydrogel crosslinking
networks to enhance rheological properties
and gelation kinetics. 179

Personalized adaptation: Enables in situ
printing of complex structures to precisely fit
irregular/deep wounds, improving
conformability and therapeutic outcomes.'”
Efficient co-loading: Supports simultaneous
loading of multiple drugs (eg, antimicrobials,
pro-angiogenic agents) for multi-target

regulation. 175

Hydrogel Representative Types Advantages Disadvantages

category

Natural Keratin-, chitosan-, Excellent biocompatibility: Natural Functional limitations: Natural materials
biomaterial- hyaluronic acid-based components (eg, keratin, chitosan) minimize possess inherent functional constraints, often

requiring drug loading (eg, phellodendrine) or
nanomaterial incorporation to enhance
antibacterial/anti-inflammatory effects, which
may compromise drug-loading stability.'73'|76
Mechanical deficiencies: Dynamic crosslinked
networks typically exhibit low mechanical
strength, limiting their application in deep or
irregular wounds.'”®

External device dependency: Requires
electrodes or power sources, limiting
portability and patient compliance.I78
Potential electrotoxicity: Prolonged
stimulation may adversely affect sensitive
tissues, necessitating strict current parameter

control.'””

Biosafety concerns: Long-term nanomaterial
retention may induce inflammation or toxicity,
requiring thorough evaluation of metabolic
pathways,"ﬁ"79

High costs: Complex synthesis and
purification processes hinder large-scale

clinical application.'”®

Technical barriers: Requires specialized
printing equipment and high-fidelity inks,
challenging for primary healthcare institutions.
Long-term stability uncertainty: Printed
constructs require further optimization for

mechanical/functional durability.'”*'7¢

but often necessitate functional enhancement; conductive hydrogels excel in promoting tissue regeneration but rely on
external devices; nanocomposite hydrogels offer comprehensive functionality but face bottlenecks in safety and cost;
while 3D-printed hydrogels demonstrate significant advantages in personalization but are limited in widespread adoption
due to technical barriers. Future research should focus on simplifying multifunctional integration (eg, reducing compo-
nent complexity), validating long-term biosafety, and optimizing clinical translation feasibility (eg, through low-cost
fabrication techniques).

Conclusion and Perspectives
In hydrogel-based research for diabetic wound healing, the most promising future directions include: 1) Smart responsive
hydrogels: Developing materials capable of dynamically responding to the wound microenvironment (eg, pH, enzymes,
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ROS, or glucose levels) to achieve on-demand drug release and real-time monitoring.''* 2) Multifunctional synergistic
therapy: Integrating antibacterial, anti-inflammatory, angiogenic, and cell-recruiting properties through biomimetic
designs that mimic the complex functions of the extracellular matrix (ECM).'"®® 3) 3D bioprinting technology:
Combining patient-specific cells and growth factors to fabricate personalized hydrogel dressings tailored to complex
wound geometries.”® 4) Long-term sustained-release systems: Optimizing the degradation kinetics of drug-loaded
hydrogels to ensure prolonged delivery of therapeutic agents (eg, exosomes or siRNA).'” 5) Integration with emerging
technologies: Combining approaches such as photothermal therapy, electrical stimulation, or gene editing to enhance
tissue regeneration.'’"'%!

Although hydrogel technology demonstrates significant therapeutic potential, critical challenges remain in its long-
term stability and scalability—two pivotal factors for successful clinical translation and industrial application. Regarding
long-term stability, hydrogels must maintain structural integrity and functional persistence in complex wound micro-
environments, while resisting premature degradation caused by enzymatic hydrolysis, hydrolysis, or mechanical stress.'”"
Strategies such as advanced crosslinking (eg, dynamic covalent bonds, nanocomposite reinforcement) or enzyme-
resistant polymers (eg, PEGylation) can enhance stability, though biocompatibility must be carefully balanced.
Furthermore, prolonged hydrogel retention may trigger foreign body reactions, necessitating optimization between
degradability and functional duration.'®* For scalability, synthesis protocols, material costs, and sterilization conditions
must meet industrial-scale production requirements. For instance, photo-crosslinked or thermosensitive hydrogels are
more amenable to mass production due to their rapid gelation properties, whereas natural polymer-based hydrogels
require solutions for batch-to-batch variability.'”*'®* Future research should integrate automated manufacturing technol-
ogies with standardized evaluation systems to accelerate the transition of hydrogels from laboratory benches to clinical
and commercial markets.

However, significant challenges remain in translating hydrogel-based therapies from the lab to clinical applications: 1)
Biocompatibility and long-term safety: Systematic evaluation is needed for hydrogel degradation byproducts, potential
nanomaterial accumulation toxicity, and immunomodulatory effects—particularly regarding long-term tissue responses
post-implantation.'#*'%5 2) Scalable manufacturing and stability: The mechanical properties of existing hydrogels (eg,
adhesiveness, self-healing capacity) may degrade in complex wound environments. Optimizing synthesis techniques (eg,
spray-coating, dynamic crosslinking strategies) is critical to meet industrial-scale production requirements.'*® 3)
Standardized evaluation systems: Unified animal models and clinical assessment criteria must be established, including
metrics such as wound closure rates, angiogenesis indicators, and dynamic monitoring of microbial load, to improve
cross-study comparability.'”"*'7? 4) Personalized treatment adaptation: Hydrogels should be tailored to individual patient
variations (eg, glucose fluctuations, infection types) through adaptive designs, with machine learning-assisted optimiza-
tion of dynamic drug release profiles to achieve precision medicine.'”*'®" Thus, future research must bridge the gap
between material innovation and clinical needs by leveraging interdisciplinary approaches (eg, bioelectronics, nanome-
dicine, Al) to accelerate translation, ultimately delivering effective and safe solutions for diabetic wound management.

Meanwhile, regulatory oversight still faces certain challenges, such as: 1) Ambiguous classification criteria: As a “drug-
device combination product”, hydrogels require clear regulatory pathways. For example, hydrogels loaded with growth
factors (eg, VEGF) may need to meet both pharmaceutical and medical device approval standards.'®’” 2) Lack of
standardized testing: Unified testing protocols must be established for hydrogel biodegradability, long-term toxicity, and
immunogenicity. Additionally, there are ethical concerns, including: 1) Animal testing ethics: Compliance with the 3R
principles (replacement, reduction, refinement) is required. For instance, the use of porcine models must undergo ethical
review.'™® 2) Patient privacy and data security: Smart diagnostic/therapeutic hydrogels (eg, the system developed by Sun
Yat-sen University’s team) involve collecting patient physiological data, necessitating encrypted storage and compliant
usage.'”? 3) Equity and accessibility: Advanced hydrogel technologies (eg, nanozyme composite systems) may exacerbate
healthcare disparities due to high costs. Strategies like insurance coverage or public funding should be explored.'®%'*

Although the current clinical translation of hydrogel technology faces multiple bottlenecks, including material
performance, production processes, and regulatory/ethical challenges. Its progression from lab to bedside can be
accelerated through dynamic functional design, cost-effective process optimization, and interdisciplinary collaboration,
all supported by rigorous regulatory frameworks and ethical guidelines.
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