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a b s t r a c t

Diabetic foot ulcers (DFUs) pose substantial clinical challenges due to their high prevalence, intri-

cate pathophysiology, and recalcitrance to conventional therapeutic interventions. Traditional treatment

paradigms frequently overlook the multidimensional aspects of DFUs, resulting in protracted healing tra-

jectories and escalated risks of adverse sequelae. To address this critical diabetes-related complication,

this comprehensive review delves into the pioneering application of biomaterials as microenvironmen-

tal modulators, underscoring their transformative potential in accelerating wound repair. By synthesiz-

ing in vivo, in vitro, and clinical evidence, we elucidate the mechanistic underpinnings and translational

promise of these advanced materials. Our objective is to engage scholarly readers with state-of-the-art

advancements in biomaterial engineering, emphasizing their pivotal contribution to paradigm shifts in

DFU management strategies.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Diabetic foot ulcers (DFUs) represent a highly prevalent and

therapeutically challenging complication in diabetic patients, aris-

ing from the complex interplay between peripheral neuropa-

thy and peripheral artery disease, which is further exacerbated

by chronic hyperglycemia. Pathophysiological mechanisms include

hyperglycemia-driven glycosylation of hemoglobin, leading to vaso-

constriction and altered erythrocyte membrane properties, ulti-

mately resulting in tissue hypoxia [1]. The advanced glycation

end products (AGEs) can also contribute to oxidative damage,

alter the extracellular matrix (ECM), and trigger the release of

pro-inflammatory cytokines [2]. These processes are compounded

by persistent inflammation at the wound site, creating a vicious

cycle of tissue damage. Furthermore, the accumulation of en-

dogenous reactive oxygen species (ROS) impairs immune surveil-

lance and cellular homeostasis. Conventional treatment strategies,

which primarily rely on surgical interventions (encompassing de-

bridement, offloading, antibiotic therapy, glycemic control, and ad-

vanced wound care), often demonstrate limited efficacy in con-
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currently addressing these multifaceted pathological processes [3–

5]. Of particular concern, repeated surgical debridement and the

emergence of antibiotic-resistant pathogens escalate healthcare

costs and contribute to a high recurrence rate (80%) following

initial wound closure, significantly complicating diabetes manage-

ment [6].

Contemporary advancements in biomaterial science have intro-

duced a spectrum of innovative wound care solutions to augment

clinical management strategies for DFUs. Collagen (COL)-based ma-

trices are frequently employed to enhance cellular motility and tis-

sue reconstitution, leveraging their inherent biocompatibility and

structural similarity to native extracellular components. Hydrogel

formulations are designed to maintain a physiologically moist mi-

croenvironment, facilitating autolytic debridement and mitigating

pain, while silver-incorporated biomaterials provide potent antimi-

crobial activity to diminish microbial burden. Despite these ad-

vancements, commercially available biomaterials exhibit inherent

limitations in their capacity to recapitulate the dynamic complex-

ity of the native ECM within the DFUs microenvironment [7]. These

shortcomings highlight the imperative for next-generation thera-

peutic approaches. The present review integrates a comprehen-

sive analysis of distinct diabetic wound microenvironments with

corresponding biomaterial-based therapeutic strategies, with the

objective of equipping clinicians and researchers with actionable
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insights to guide the development and deployment of context-

specific, efficacious interventions.

2. Typical micro-environment of diabetic wounds

The pathophysiology of DFUs is multifaceted, involving intri-

cate interactions between intrinsic and extrinsic factors. The in-

ternal wound microenvironment is marked by a constellation of

pathological features, including angiogenesis impairment, persis-

tent inflammation, ECM remodeling, and neurovascular dysreg-

ulation. Hyperglycemia-induced autonomic neuropathy compro-

mises skin integrity and enhances susceptibility to microbial col-

onization [8]. Concurrent reductions in tissue perfusion and oxy-

gen tension, coupled with microvascular dysfunction and elevated

pro-inflammatory cytokine profiles, synergistically disrupt repara-

tive processes. Aberrant ECM architecture impedes cellular motil-

ity, proliferation, and differentiation, thereby further impeding

wound closure [9]. Externally, the wound microenvironment is

subjected to diverse mechanical, thermal, and chemical stressors.

Elevated plantar pressures, shear forces, and frictional forces ex-

acerbate tissue injury and provoke inflammatory responses, fos-

tering ulcer progression. This interplay of internal and external

factors establishes a complex pathophysiological milieu that sig-

nificantly challenges effective DFUs management. Comprehensive

elucidation of these intricate mechanisms is essential to guide

the rational design of targeted therapeutic interventions that ad-

dress the specific microenvironmental challenges inherent to DFUs

healing.

2.1. Hyperglycemia

Hyperglycemia exerts a profound inhibitory effect on the critical

transition from the inflammatory to proliferative phase of wound

healing. It compromises fibroblast functionality and collagen (COL)

biosynthesis while perturbing intracellular redox homeostasis [10].

Concurrently, the hyperglycemic state fosters bacterial biofilm for-

mation and stabilization in the wound bed, contributing to the per-

sistence of open wounds for durations of 4–6 weeks. During this

protracted period, the subcutaneous tissues of chronic, non-healing

ulcers remain vulnerable to environmental exposures, significantly

increasing the risk of complications such as osteomyelitis, hemor-

rhagic episodes, and potentially fatal outcomes in severe instances

[11]. Moreover, elevated glucose levels disrupt the stabilization and

functional capacity of hypoxia-inducible factor-1 alpha (HIF-1α), a

pivotal transcriptional regulator of hypoxic cellular responses. This

dysregulation not only exacerbates impairments in neovasculariza-

tion but also contributes to the broader spectrum of diabetic com-

plications [9,12].

2.2. Diabetic peripheral neurophy (DPN)

DPN, a symmetrical, length-dependent sensorimotor polyneu-

ropathy, arises from metabolic and microvascular alterations sec-

ondary to chronic hyperglycemia and concomitant cardiovascular

risk factors. While not directly contributing to DFUs pathophys-

iology, DPN exerts a profound indirect influence on ulcer devel-

opment and progression, warranting its careful consideration in

DFUs management strategies. Sensory deficits in the lower extrem-

ities predispose patients to unnoticed traumatic injuries and repet-

itive mechanical stress, facilitating skin breakdown and ulcer initi-

ation [8,13,14]. Sensory symptoms, including anesthesia and neu-

ropathic pain, often progress to severe morbidity, including limb

amputation [15]. The economic burden associated with DFUs treat-

ment and amputation is substantial, while DPN-related impair-

ments in postural control and affective regulation contribute to

psychological distress [16]. Furthermore, DPN-mediated alterations

in foot biomechanics and gait increase ulceration risk, while neu-

roinflammatory processes within affected nerves precipitate pain

hypersensitivity, impaired wound healing, and heightened sus-

ceptibility to infection [17,18]. Insulin resistance and metabolic

perturbations in neuronal tissues exacerbate these pathological

sequelae.

2.3. Hypoxia

In the context of DFUs, hypoxia represents a critical microen-

vironmental feature that synergizes with persistent inflammation

to further compromise circulatory impairment [19]. The resultant

oxygen deprivation disrupts the functional capacity of key wound-

healing cellular populations, including fibroblasts, endothelial cells,

and immune effectors [20,21]. This physiological deficit decelerates

reparative processes and establishes a permissive niche for bacte-

rial colonization and progressive tissue destruction [22]. The hy-

poxic milieu thus constitutes a substantial therapeutic challenge in

DFUs management, as it amplifies oxidative stress while imped-

ing the biosynthesis of essential regenerative proteins and enzymes

[23].

HIF-1α serves as a pivotal transcriptional regulator in the cel-

lular adaptive response to hypoxic stress, exerting profound ef-

fects on DFUs pathophysiology. This oxygen-sensitive factor or-

chestrates the expression of genes encoding erythropoietin (EPO)

and vascular endothelial growth factor (VEGF), thereby stimulat-

ing erythropoiesis and promoting angiogenesis, respectively [12].

Beyond these systemic effects, HIF-1α directly modulates crit-

ical wound-healing processes, including granulation tissue for-

mation, wound contraction, and re-epithelialization. Under nor-

moxic conditions, HIF-1α is subject to proline hydroxylation by

prolyl hydroxylase domain enzymes (PHDs), targeting it for pro-

teasomal degradation. However, in hypoxic environments, dimin-

ished PHD activity stabilizes HIF-1α, enabling its accumulation

and the activation of adaptive gene programs that enhance tis-

sue tolerance to oxygen deprivation [24]. Recognizing the dual

imperative of optimizing oxygen delivery while harnessing en-

dogenous HIF-1α-mediated adaptive mechanisms underscores the

complexity of therapeutic strategies aimed at accelerating DFUs

resolution.

2.4. Imbalanced pH

Dysregulated pH homeostasis represents a hallmark of DFU,

significantly impacting multiple facets of wound biology, includ-

ing angiogenesis, hemodynamic regulation, infectious susceptibil-

ity, inflammatory dynamics, and ECM remodeling. Temporal fluc-

tuations in wound exudate pH and metabolic profiles emerge as

critical biomarkers of healing progression. Notably, acute wounds

and healthy skin maintain an acidic microenvironment (pH 4–6),

whereas chronic and infected ulcers exhibit an alkaline shift (pH

7.3–9), which fosters a microbial-permissive niche [24]. Elevated

pH not only enhances the proliferation of bacterial pathogens and

opportunistic microorganisms [25] but also skews macrophage po-

larization toward the pro-inflammatory M1 phenotype. This phe-

notypic switch is accompanied by the secretion of cytokines such

as interleukin-1β (IL-1β) and monocyte chemoattractant protein-

1 (MCP-1), which collectively impede wound resolution [26]. Fur-

thermore, the disruption of M1-to-M2 macrophage transition un-

der alkaline conditions compromises the reparative functions of

VEGF, particularly its capacity to promote M2 macrophage dif-

ferentiation [27]. Elucidating the pH-dependent modulation of

macrophage polarization provides mechanistic insights into DFUs

pathogenesis and informs the development of targeted therapeutic

interventions.
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2.5. Persistent infection and chronic inflammation

Chronic wounds in diabetic patients are characterized by a pro-

tracted inflammatory phase, frequently compounded by dysbiotic

microbial colonization. The skin microbiota plays a pivotal role in

maintaining epidermal homeostasis and orchestrating wound re-

pair processes [28]. In diabetic ulcers, the alkaline wound microen-

vironment facilitates the overgrowth of diverse microbial com-

munities, encompassing Staphylococcus, Streptococcus, Pseudomonas,

Corynebacterium species, as well as anaerobic organisms, culminat-

ing in recalcitrant infections [15,29]. The formation of biofilms fur-

ther complicates therapeutic interventions by conferring protection

against both host immune responses and antimicrobial therapies.

The accumulation of necrotic tissue and cellular debris provides a

fertile substrate for microbial proliferation. Notably, anaerobic bac-

teria are more prevalent in deeper wound strata, correlating with

clinical indicators such as pyrexia, malodorous exudate, and ul-

cer severity [15]. This intricate interplay between microbial dysbio-

sis, biofilm formation, and impaired host defenses underscores the

complexity of infection management in diabetic chronic wounds.

At the wound interface, infiltrating neutrophils and monocytes

evoke a pro-inflammatory cascade through the secretion of the

tumor necrosis factor-α (TNF-α), augmenting tissue injury and

inflammation. Infectious processes and hyperglycemia synergisti-

cally trigger the release of neutrophil extracellular traps (NETs),

which contribute to delayed wound closure. Elevated NET concen-

trations correlate with impaired wound healing and diminished

expression of growth factors and pro-angiogenic proteins, such

as platelet-derived growth factors (PDGFs) and VEGF. Addition-

ally, certain commensal bacterial species elicit a Th17-mediated

immune response, further escalating inflammation and hinder-

ing repair mechanisms [30]. Fig. S1 (Supporting information) il-

lustrates the principal pathogenic factors in diabetes and their

roles in DFUs progression. Notwithstanding these challenges, cer-

tain skin-resident microorganisms, such as members of the acti-

nomycetes’ order, synthesize antibacterial metabolites that pro-

mote wound resolution. The maintenance of a balanced microbial

ecosystem by these organisms is essential for optimal healing out-

comes. Emerging therapeutic strategies leveraging probiotics and

microbiota modulation are under investigation as potential adju-

vants to enhance DFUs management [22].

2.6. High protease activity

Immune effector cells, including neutrophils and classically

activated (M1) macrophages, augment the expression of matrix

metalloproteinase-9 (MMP-9), which facilitates the transition from

acute to chronic wound states by degrading ECM components

and growth factors critical for tissue repair [31,32]. Aberrant ser-

ine protease activity and dysregulation of cysteine proteases fur-

ther exacerbate tissue proteolysis, thereby suppressing growth fac-

tor bioavailability and impeding healing progression [33]. Pro-

inflammatory cytokines, such as TNF-α and IL-1, amplify MMP-

9 production, establishing a self-perpetuating cycle of inflamma-

tion and matrix destruction [34]. Overexpression of MMP-9 addi-

tionally compromises angiogenic responses and re-epithelialization

processes [35].

In the context of DFUs, aberrant COL and fibronectin deposi-

tion can result in pathological fibrosis and hypertrophic scarring

[36]. Ceramides, in concert with cholesterol and fatty acids, con-

stitute essential extracellular lipid layers that preserve skin barrier

function [37]. Infection by Pseudomonas aeruginosa, among other

pathogens, induces ceramidase (CDase) expression, which not only

enhances bacterial colonization and invasive capabilities but also

disrupts host tissue integrity. Bacterial pathogens themselves se-

crete CDase-like enzymes that are integral to their growth, persis-

tence, and virulence mechanisms [38]. Notably, the development

of DFUs involves complex interactions between diverse proteases

and bioactive molecules, giving rise to distinct proteolytic signa-

tures among affected individuals.

3. Different biomaterials applications in DFUs remedies

Contemporary multifunctional biomaterials, integrating antibac-

terial, anti-inflammatory, and hemostatic functionalities, are pro-

gressively supplanting conventional materials limited to physical

barrier functions and isolation [39]. Within the realm of tissue en-

gineering, these advanced biomaterials function as dynamic scaf-

folds for cellular growth and expansion, simultaneously serving as

controlled delivery systems for therapeutic agents and bioactive

molecules. Under precisely regulated conditions, they enable the

de novo synthesis of functional tissues or organs to restore com-

promised physiological structures [40]. The escalating utilization

of natural biopolymers in DFUs management reflects their inher-

ent advantages, particularly their biocompatibility and biodegrad-

able nature, which synergistically promote wound healing. Further-

more, bio-mimetic biomaterials have revolutionized wound care

paradigms by recapitulating the structural and functional complex-

ities of the native ECM, thereby augmenting cellular motility, pro-

liferation, and facilitating spatially controlled drug release.

3.1. Natural biopolymers

Protein-polysaccharide bio-composites, a class of natural

biopolymers, provide an absorbable and biocompatible scaf-

folding that effectively manages wound exudate. Their intrinsic

antibacterial activity and biodegradable characteristics collectively

contribute to accelerated wound healing. The comprehensive

analysis presented in Table S1 (Supporting information) elucidates

both the advantageous properties and the current challenges

associated with the clinical translation of these biopolymer-based

wound care strategies.

3.1.1. Protein-based biomaterials

COL, a versatile biopolymer available in diverse configurations,

can be strategically integrated with growth factors, pharmacolog-

ical agents, or antimicrobial compounds to augment wound re-

pair processes [36,41]. A notable advancement in this domain

is the development of epidermal growth factor (EGF)-loaded

polydopamine-modified COL-hyaluronic acid (HA) scaffolds (EGF-

loaded CHS-PDA) by Wang et al., engineered for the repair of di-

abetic cutaneous lesions. These scaffolds demonstrate exceptional

mechanical resilience, biocompatibility, and structural coherence,

while enabling sustained EGF release and promoting cellular pro-

liferation, coagulation, and ROS detoxification [42]. Although sup-

plementary incorporation of VEGF, stromal cell-derived factor 1

(SDF-1), and PDGF represent viable strategies, COL-based bioma-

terials may encounter limitations in effectively addressing tissue

fluid exudation, inflammatory responses, and infection risks. To cir-

cumvent these challenges, the incorporation of rare-earth elements

such as praseodymium-cobaltite into COL matrices has shown

promise in enhancing angiogenic potential and guiding mesenchy-

mal stem cell (MSC) differentiation towards endothelial lineages

[43]. Parallel innovations in COL crosslinking methodologies have

further advanced the field, as exemplified by the research of Zhe

et al [44]. This work emphasizes the optimization of COL casing

crosslinking with glutaraldehyde (GTA) through precise pH mod-

ulation to induce the formation of conjugated structural motifs.

Under mild alkaline conditions (pH 8–10), GTA undergoes accel-

erated polymerization, resulting in the generation of conjugated

structures such as -C=C–C=O and -N=C–C=C-. These structural

3
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modifications not only elevate crosslinking efficiency but also con-

fer enhanced mechanical robustness, thermal stability, and a re-

duced swelling ratio to COL films. Of clinical relevance, the mini-

mized swelling ratio of such crosslinked COL under the specific pH

environment of DFUs enables superior management of wound exu-

dates, thereby maintaining an optimal moisture balance conducive

to healing. Li et al. [45] engineered an injectable COL/chitosan

(CTS)/genipin hydrogel system, further augmented with phyco-

cyanin nanoparticles and ND-336, tailored for the specific demands

of diabetic wound management. This hydrogel formulation was de-

signed to overcome several inherent limitations associated with

COL, namely its suboptimal mechanical robustness, rapid biodegra-

dation, and insufficient antimicrobial efficacy. The strategic incor-

poration of genipin, a naturally derived crosslinker, not only miti-

gated cytotoxicity concerns but also enhanced the overall biocom-

patibility of the hydrogel matrix. Preclinical evaluations of this hy-

drogel demonstrated significant potential in facilitating fibroblast

migration, suppressing the expression of MMP-9, a key mediator of

ECM degradation, and ultimately accelerating wound closure rates.

These findings collectively underscore the hydrogel’s promise as a

multifaceted therapeutic platform addressing critical challenges in

diabetic wound care.

Platelet-rich plasma (PRP) is characterized by a high concen-

tration of platelets and a rich array of growth factors, includ-

ing VEGF, PDGF, and fibroblast growth factor (FGF). These bioac-

tive components exhibit multifaceted therapeutic effects, such as

chemoattraction of endogenous progenitor cells, induction of M2

macrophage polarization, attenuation of inflammatory responses,

and stimulation of cellular migration and proliferation [28]. Despite

its therapeutic potential, PRP is hindered by inherent limitations,

including a brief bioactive half-life, rapid biodegradation, and non-

injectable formulation, which complicates its clinical translation. To

address these challenges, recent studies have explored the use of

functionalized polyethylene glycol (PEG) to crosslink CTS, creating

a sophisticated hydrogel delivery system [46]. This engineered hy-

drogel facilitates sustained release of PRP components, enhances

resistance to enzymatic degradation, and fosters angiogenesis. Fur-

thermore, the degradation products of the hydrogel contribute to

a microenvironment conducive to cellular proliferation, inflamma-

tion resolution, and COL biosynthesis, collectively advancing tissue

repair and regeneration.

Sericin (Ser), a hydrophilic protein derived from silkworm co-

coons, has garnered significant attention in the realm of hydrogel-

based wound dressing development. Its biocompatibility, natural

degradability, and multifaceted biological activities, encompass-

ing anti-aging, anticoagulant, and anti-tyrosinase properties, ren-

der it particularly attractive for biomedical applications. Of par-

ticular interest is Ser’s demonstrated proficiency in stimulating

the proliferation and growth of fibroblasts and keratinocytes, un-

derscoring its therapeutic potential in wound healing paradigms

[47]. Through chemical modification with methacrylic anhydride

(MA), Ser is transformed into methacrylic anhydride Ser (SerMA), a

derivative that exhibits enhanced functional attributes. SerMA not

only retains the inherent bioactivity of native Ser but also acquires

injectability, adhesive characteristics, and superior biocompatibil-

ity, thereby expanding its utility in advanced biomaterial designs.

These attributes collectively position SerMA as a promising candi-

date for next generation wound care strategies.

3.1.2. Polysaccharide-based biomaterials

Alginate (Alg), a biocompatible and gel-forming polysaccharide

extracted from brown algae, has emerged as a versatile bioma-

terial in the development of medical dressings and drug deliv-

ery systems [48]. Its unique capability to crosslink with divalent

cations, such as barium [49] and calcium [50], enables the for-

mation of hydrogels with enhanced mechanical properties, includ-

ing improved mechanical strength, elasticity, thermal stability, and

reduced swelling [51]. These attributes make Alg-based hydrogels

particularly suitable for managing exudative wounds [52]. In a re-

cent study, a three-dimensional scaffold (PANB) was engineered

by cross-linking Alg with Ca2+ using multi-vinyl-modified gold

nanorods. This innovative approach not only augmented the hy-

drogel’s mechanical integrity and thermal stability but also facil-

itated effective near-infrared (NIR) photothermal therapy for dia-

betic mice with oral mucosa ulcers and skin lesions. The treat-

ment exhibited remarkable antibacterial activity and promoted

angiogenesis, highlighting its potential in advanced wound care

strategies [53]. Notably, Alg’s therapeutic efficacy extends beyond

NIR-assisted applications, as evidenced by its ability to manage

DFUs independently of photothermal intervention. Another study

demonstrated the functionalization of Alg with poly-imidazolium-

maleimide to create a novel hydrogel (Alg-PPN). This hydrogel ac-

celerated wound healing, potentiated bactericidal effects, and mit-

igated pro-inflammatory markers, including matrix MMP-9 and

ROS, in diabetic mouse models infected with antibiotic-resistant

bacteria [54]. Collectively, these findings underscore the multi-

faceted therapeutic potential of Alg-based biomaterials in address-

ing complex wound care challenges.

CTS, a biopolymer derived from the deacetylation of chitin, ex-

hibits procoagulant and thrombogenic properties attributable to

its cationic nature [55]. The presence of multiple reactive amino

groups in CTS confers significant advantages in promoting dia-

betic wound healing; however, its inherent solubility limitations

have impeded its widespread application in antibacterial wound

dressings [56,57]. To address this challenge, recent studies have

explored chemical modifications of CTS, such as conjugation with

lipoic acid to enable UV-induced gelation or introduction of qua-

ternary ammonium moieties to enhance aqueous solubility and

broaden the spectrum of antibacterial activity [58]. An injectable

polysaccharide hydrogel dressing (QOP), composed of quaternized

chitosan (QCS) and oxidized β-glucan, has been developed. This

hydrogel system incorporates polydopamine nanoparticles (PDA

NPs) and demonstrates remarkable photothermal bactericidal effi-

cacy against Staphylococcus aureus (S. aureus) and Escherichia coli

(E. coli) upon exposure to NIR laser irradiation. These advance-

ments highlight the potential of CTS-based biomaterials in inno-

vative wound care solutions.

A critical determinant of platelet regulation is the sur-

face charge characteristic of biomaterials. Exposure to positively

charged surfaces triggers the rapid accumulation of blood cells,

a phenomenon attributable to the relatively large size, expan-

sive surface area, and morphological alterations exhibited by ac-

tivated platelets. These interactions precipitate the swift formation

of fibrin-dependent blood clots [59]. Capitalizing on this principle,

the amino, hydroxyl, and other polar functional groups inherent

to CTS may hold substantial promise for hemostatic applications.

By exploiting the propensity of positive charges to induce blood

cell aggregation and efficient platelet activation, CTS-based bioma-

terials could augment coagulation mechanisms, thereby presenting

novel avenues for wound care and hemorrhage control.

HA, a non-sulfated glycosaminoglycan component of the ECM,

plays a pivotal role in angiogenesis, tissue repair, and wound heal-

ing. However, its inherent limitations, including poor protein affin-

ity, rapid enzymatic degradation, and absence of intrinsic antibac-

terial activity, have restricted its full therapeutic potential [60].

To address these shortcomings, chemical modification strategies

have been employed, such as the sulfation process developed by

Zhou, utilizing sulfur trioxide-pyridine complex and ethanol pre-

cipitation, which effectively enhances HA’s functional properties

[61]. The resulting sulfated hyaluronic acid (SHA) was integrated

with COL to fabricate SHA-COL composites and SHA/HA/COL hybrid

nanofibers. These biomaterial constructs were further reinforced
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with polyurethane (PU) to impart improved mechanical strength

and flexibility. These advanced scaffolds demonstrated remarkable

efficacy in accelerating diabetic wound healing and skin remodel-

ing processes, significantly enhancing tissue regeneration and re-

pair in DFUs.

3.2. Biomimetic biomaterials

The advancement of therapeutics is significantly propelled

by the systematic classification of biomaterials originating from

polyphenols and enzymes within this domain. For a comprehensive

understanding of the advantages and current limitations associated

with bio-mimetic biomaterials, Table S2 (Supporting information)

demonstrates a detailed analysis of these aspects.

3.2.1. Enzyme-based biomaterials

The unique enzyme-like characteristics, coupled with their

facile synthesis and biocompatibility, have rendered nanozymes a

valuable asset in the realm of material design [62]. Nevertheless,

the alkaline microenvironment typically associated with chronic

wounds, coupled with the scarcity of hydrogen peroxide (H2O2),

imposes significant constraints on the efficacy of nanozymes. Fur-

thermore, the non-selective nature of certain nanozymes may in-

advertently augment the risk of bacterial infections and compro-

mise the viability of healthy cells. To surmount these limitations,

Chen et al. engineered an activatable nanozyme system, desig-

nated as APGH. This innovative system entails the encapsulation of

aptamer-functionalized platinum nanozymes (Apt-PtNZ) and glu-

cose oxidase (GOX) within a HA shell [63]. Building upon this un-

derstanding, Shang et al. developed a multi-enzyme-like nanozyme

hydrogel spray, which manifests five distinct enzyme-like activities.

This multifaceted approach effectively counteracts the detrimen-

tal effects of ROS within the DFUs microenvironment [64]. Concur-

rently, efforts are underway to devise nitric oxide synthase (NOS)

analogues capable of modulating inflammatory cytokines. These

analogues hold promises in disrupting bacterial biofilms, mitigat-

ing bacterial adhesion, and promoting extracellular polymeric sub-

stance (EPS) formation, ultimately culminating in bacterial eradi-

cation. Additionally, the emergence of Janus liposozymes, such as

the therapeutic targeting redox and immune homeostasis in in-

fected wounds, demonstrates considerable potential in restoring

equilibrium within the DFUs milieu. Wei et al. fabricated a Janus

liposozyme (TSeL) loaded with the photosensitizer TDTM. This sys-

tem exhibits the ability to regulate ROS levels by generating light-

induced ROS under controlled irradiation, while simultaneously at-

tenuating abrupt ROS surges to effectively eliminate bacterial in-

fections. Notably, TSeL subjected to white light irradiation demon-

strated nearly complete inhibition against methicillin-resistant S.

aureus (MRSA), Pseudomonas aeruginosa, and S. aureus [65].

3.2.2. Polyphenol-derived biomaterials

Puerarin (PUE), a bioactive compound extracted from the root

of the kudzu vine (Pueraria lobata), has demonstrated cardiopro-

tective, neuroprotective, and blood glucose-regulatory properties

in the context of diabetes mellitus [66]. To address the inher-

ent challenges associated with PUE’s poor hydrophilicity, limited

bioavailability, and suboptimal tissue penetration, Chen et al. em-

ployed a novel encapsulation strategy. The researchers incorpo-

rated PUE within a CTS matrix, yielding a composite nanofiber hy-

drogel designated as C@P. This encapsulation process involved me-

chanical grinding and pH adjustment to 6.15, which facilitated the

self-assembly of the hydrogel. The resultant C@P hydrogel exhibits

injectable and self-healing properties, while effectively reducing

shear forces. In vivo investigations revealed that this hydrogel sys-

tem attenuated the presence of pro-inflammatory M1 macrophages

and augmented the expression of VEGF along with COL types I and

III in diabetic mouse models of cutaneous wounds, thereby pro-

moting wound healing [67].

Tannic acid (TA), a polyphenolic compound naturally occurring

in various plant tissues including tree bark, leaves, wood, fruit, and

herbs, is recognized for its astringent and antioxidant attributes

[68]. The molecular structure of TA is characterized by multiple

hydroxyls and galloyl groups, which facilitate the formation of ro-

bust hydrogen bonds with metal ions. This unique property en-

ables the fabrication of dark-hued, photothermal biomaterials with

tailored functionalities [69]. Drawing inspiration from the adhesive

proteins found in marine mussels, Fu et al. harnessed the potential

of TA in the development of TA-engineered catechol-based bioad-

hesives (TE-CMBAs). These bioadhesives were formulated using cit-

ric acid as a base component, with TA serving as a cross-linking

agent. Under NIR light irradiation, these TE-CMBAs demonstrated

remarkable shape adaptability, robust tissue adhesion, rapid self-

healing capabilities, pH-responsive release profiles, biocompatibil-

ity, and exceptional photothermal antibacterial efficacy [68].

3.3. Bioengineered biomaterials

3.3.1. Cell membrane-derived materials

A nanoplatform has been recently developed by Zeng et al.

[70] featuring a biomimetic architecture that encapsulates the

neddylation inhibitor MLN4924 (Pevonedistat) within macrophage

membrane-coated poly(lactic-co-glycolic acid) (PLGA) nanoparti-

cles. This innovative platform operates at low therapeutic doses

to effectively inhibit the neddylation process, a critical post-

translational modification implicated in inflammatory responses.

By doing so, it not only suppresses the activation of pro-

inflammatory M1 macrophages but also facilitates their phenotypic

transition towards anti-inflammatory M2 macrophages. Addition-

ally, the biomimetic design of M-NPs/MLN4924 allows for specific

binding to key protein receptors, namely TNF receptor 1 and IL-6

receptors, which are abundantly expressed on macrophage mem-

branes. This targeted interaction significantly reduces the secretion

of inflammatory cytokines such as TNF-α and IL-6. Consequently,

the platform is capable of precisely targeting the inflammatory

microenvironment characteristic of diabetic wounds, ensuring ef-

ficient delivery of the therapeutic cargo to the site of injury.

3.3.2. Bacteria-derived materials

Bacterial cellulose (BC) is distinguished by its unique nanofibril-

lar architecture, inherent biocompatibility, superior moisture per-

meability, and exceptional mechanical resilience. These distinctive

attributes render BC an optimal candidate for advanced wound

healing dressings. The glucose subunits of BC are richly adorned

with hydroxyl groups, conferring exceptional hydrophilicity and

chemical reactivity, which further enhances its potential as a scaf-

fold for the incorporation of bioactive agents. Zhao et al. [71] cap-

italized on these advantageous properties by employing BC as a

foundational scaffold and zeolitic imidazolate framework-8 (ZIF-

8) as a carrier for naringin (Nar), a bioactive compound known

for its antioxidant and pro-angiogenic properties. This synergistic

combination facilitates efficient absorption of exudates from DFUs,

while concurrently exerting antimicrobial, anti-inflammatory, an-

tioxidant, and pro-angiogenic effects. Moreover, the implementa-

tion of ethanol treatment followed by freeze-drying significantly

augmented the mechanical robustness of BC, elevating its tensile

strength to 2.28MPa, thereby fulfilling the stringent requirements

for clinical-grade wound dressing applications.

3.3.3. Peptide-derived materials

Mukharya et al. [72] conducted a comprehensive review ex-

amining the therapeutic potential of integrating probiotics with

antimicrobial peptides (AMPs), including human β-defensins
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Fig. 1. The classification of novel biomaterials for DFUs regulation.

(hBDs) and LL-37, as a multi-modal anti-infective strategy. AMPs

typically exhibit a net positive charge, facilitating their electrostatic

interaction with negatively charged bacterial cell membranes. Be-

yond membrane disruption, these peptides impede bacterial DNA

replication and interfere with RNA and protein synthesis, while

concurrently promoting the generation of ROS, culminating in

proteolytic degradation. Specifically, probiotics can competitively

inhibit the colonization of drug-resistant pathogens, while AMPs,

characterized by their broad-spectrum antimicrobial activity,

directly engage and compromise bacterial membrane integrity,

thereby effectively eradicating the microbial threat [73]. This

integrated strategy holds promise in impeding the emergence of

resistance mechanisms. Furthermore, the employment of advanced

drug delivery systems, such as nanoparticles and nanoemulsions,

enables the targeted and controlled release of AMPs and probiotics

at the wound site. This precision delivery approach not only

enhances the therapeutic efficacy but also minimizes off-target

effects, thereby optimizing the overall treatment outcomes.

4. Biomaterials for diabetic wounds therapies

Traditional clinical interventions for DFUs commonly encom-

pass vascular surgical procedures, advanced wound care dressings,

systemic antibiotic therapies, and surgical debridement [74]. In

recent years, biomaterials have emerged as promising therapeutic

modality, owing to their exceptional biocompatibility, tunable

biodegradability, and inherent capacity to stimulate angiogenesis.

Additionally, these materials often exhibit intrinsic antimicrobial

properties and the ability to maintain a physiologically optimal,

moist microenvironment at the wound interface. Such character-

istics facilitate seamless integration with host tissues, promote

neovascularization, regulate the local immune response, and

effectively mitigate infection risks, collectively orchestrating a

conducive milieu for accelerated DFUs healing.

A detailed overview of innovative biomaterial-based strategies

is schematically presented in Fig. 1.

4.1. Clinical progress

Biological skin substitutes have gained widespread clinical

adoption, with biomaterials such as CTS and growth factors

demonstrating remarkable efficacy in augmenting granulation tis-

sue formation. These substitutes are often employed in conjunc-

tion with conventional wound dressings, including hydrogels, films,

foams, hydrocolloids, and Algs. According to Gordon’s 2019 meta-

analysis, biological skin substitutes exhibit a 1.67-fold increased

likelihood of achieving DFUs healing within a 12-week period, rela-

tive to standard care protocols [75]. The implementation of various

biologic skin substitutes as the interventional arm yielded signifi-

cant improvements compared to standard care, with a reduced re-

currence rate of 11.21% versus 15.15%, respectively. Conversely, ad-

vanced topical dressings (ATDs) are typically applied on a daily or

weekly basis and are notably more cost-effective than biological

skin substitutes. A clinical trial involving 8 patients revealed sub-

stantial granulation of DFUs following the application of a 2% CTS

gel and film [76]. Furthermore, in a clinical investigation with 167

DFUs patients, topical recombinant human epidermal growth factor

(rhEGF) treatment resulted in a noTable 73.2 % healing rate, signif-

icantly surpassing the 50.6% healing rate observed in the placebo

group [77].

4.2. Hyperglycemia regulation

Biomaterials have the potential to significantly mitigate the

discomfort and inconvenience associated with DFUs manage-

ment through the incorporation of tunable, sustained-release, and

glucose-responsive mechanisms. Volpatti et al. [78] encapsulated

glucose-responsive dextran nanoparticles in porous Alg micro-gels,

facilitating durable insulin release over 28 days through CAT, GOx,

and insulin . As shown in Wang et al.’s work (Figs. S2A–D in Sup-

porting information) [79], which focuses on a novel Janus den-

drimer (JD) system, incorporating two distinct dendrons: one with

superior protein-binding properties and the other with protein-

repelling properties. This dual functionality allows for efficient

protein encapsulation while minimizing premature release. An-

other advancement is the development of Nanosugar, a phytoglyco-

gen derivative functionalized with phenylboronic acid (PBA) and

amine groups, which facilitates rapid and sustained insulin release

in dynamic response to fluctuations in blood glucose levels [80].

Dong et al. [81] developed a Bi-directional drug delivery system

(BDRS) using insulin-loaded black phosphorus nanosheets (BPNs)

and glucose-loaded pressure-responsive nanovesicles (PRNV) to

control blood glucose in DFUs patients, employing NIR irradia-

tion and external pressure for insulin and glucose release. Tai et

al.’s [82] amphiphilic Janus dendrimer (JD) nano-carriers, decorated

with arginine and heptadecanoic acid, effectively regulate blood

sugar in BALB/c mice through insulin binding.

4.3. Neuropathy regulation

While autograft remains the gold standard for the manage-

ment of DPN, there is a growing interest in exploring alternative

therapeutic strategies. Nerve conduits represent a specialized cat-

egory of devices engineered to facilitate nerve repair. Function-

ing as a "biological bridge", these conduits are designed to phys-

ically connect the severed ends of damaged nerves, thereby pro-

viding directional guidance and structural support for regenerat-

ing nerve fibers while simultaneously shielding them from invasive

surrounding tissues [83]. Notably, conduits fabricated from bioma-

terials such as polysaccharides or COL have demonstrated promise,

as they not only minimize secondary injury but also exhibit su-

perior biocompatibility and controlled biodegradability. This tech-

nology has recently garnered significant attention in the field of

peripheral nerve injury repair, highlighting its potential to enable

more precise and individualized treatment paradigms. In addition

to the aforementioned strategies, there is a critical need to prior-

itize the preservation of nerve fibers and the prevention of neu-

ronal apoptosis [84]. Emerging evidence underscores the thera-

peutic potential of electrical conductivity in mitigating neuropathy

and fostering nerve regeneration, as it effectively alleviates pain,

augments nerve function, and upregulates critical growth factors

such as VEGF/NGF. Notably, Anamika et al.’s research has demon-

strated that polypyrrole-based biomaterials can significantly en-

hance neurite outgrowth, offering a promising avenue for nerve

repair. Furthermore, exosomes derived from bone marrow mes-

enchymal stem cells (BMSCs) have shown considerable promise in

preclinical models of DPN, exhibiting both regenerative and neu-

roprotective properties. A particularly innovative approach is the
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designer conducting exosomal system (DCES), which integrates li-

posomes, exosomes, and polypyrrole nanoparticles. This system,

when combined with electrical stimulation (ES), has been shown

to substantially improve motor nerve conduction velocity (MNCV)

and compound muscle action potential (CMAP), achieving values

that closely approximate those observed in healthy subjects [85].

Additionally, Nanivadekar et al. has introduced lumbosacral cord

stimulation (SCS), a technique that employs electrode-mediated ac-

tivation to evoke somatosensory responses. This method holds po-

tential for improving standing ability, gait balance, and alleviating

phantom limb pain (PLP) [86].

4.4. Oxygen supply and angiogenesis

Hypoxia control is crucial for diabetic wound healing, especially

in DFUs [87] and severe limb ischemia [88]. Zhao et al. [89] engi-

neered a catalase-like nanozyme, termed MnCoO@PDA/CPH hydro-

gel, for targeted oxygen delivery. This nanozyme was synthesized

by coating Mn3[Co(CN)6]2 metal-organic frameworks with meso-

porous silica, followed by annealing to form MnCoO nanoparticles.

The surface of these nanoparticles was further treated with poly-

dopamine (PDA) to enhance biostability and biocompatibility. Sub-

sequent incorporation of polyvinyl alcohol (PVA), HA, acrylonitrile

(AN), and acrylic acid (ABA) resulted in a nanozyme-decorated hy-

drogel (Fig. S3A in Supporting information), which exhibits promis-

ing oxygen delivery capabilities. Gao et al. [90] introduced a living

Chlorella-loaded polyionic liquid-based membrane (PILMN–Chl),

fabricated via photo-crosslinking. This innovative material provides

a sustained carbon source, enabling continuous oxygen production

through photosynthetic activity. The green, translucent PILMN–Chl

is particularly suited for diabetic wound dressings, as it not only

ensures an adequate oxygen supply but also facilitates easy moni-

toring of healing progress (Fig. S3B in Supporting information).

While Fe2+ and Cu2+ ions have been shown to individually

promote COL regeneration and angiogenesis via mechanisms such

as enzyme cofactor activity, VEGF secretion, and enhancement of

endothelial cell functions, the investigation into their synergistic

effects in the context of wound tissue regeneration remains un-

derstudied. To bridge this knowledge gap and explore the com-

bined potential of metal ions and electrical potential stimulation

in wound healing, a novel triboelectric nanogenerator (TENG)-

based patch was developed [91]. This advanced patch is engi-

neered with a dual-layer polydimethylsiloxane (PDMS) membrane,

between which a conductive hydrogel (GelNCs) is sandwiched.

The hydrogel is embedded with Eggshell@CuFe2O4 nanocompos-

ites, creating a system capable of generating electrical potentials.

These potentials serve as directional cues, effectively attracting and

guiding specific cell types, including epithelial cells, fibroblasts,

and vascular endothelial cells, to migrate along the electric field

lines and accumulate at the site of injury.

By harnessing the power of such electrical stimulation, the

patch is designed to compensate for the diminished endogenous

electric field often observed in diabetic wounds, which is a con-

sequence of impaired wound-healing capacity. In doing so, it aims

to augment or restore the physiological electric field necessary to

support and accelerate tissue regeneration processes.

4.5. pH level balance

The maintenance of physiological pH levels at DFUs sites is

a critical determinant of wound healing progression and bacte-

rial activity [29,92]. To address the challenges associated with

drug stability and efficacy in the alkaline microenvironment char-

acteristic of DFUs, researchers have engineered sophisticated pH-

responsive drug delivery systems. A notable advancement in

this area was reported by Yang et al. [93], who developed

Cur/MH/HKUST-1@Gel, an innovative formulation integrating a

copper-based metal-organic framework (MOF) with curcumin and

metformin hydrochloride (HCl), embedded within a thermosensi-

tive hydrogel matrix. This formulation was specifically designed to

overcome the inherent solubility limitations of curcumin and met-

formin HCl, while achieving pH-dependent controlled release pro-

files. Under physiological conditions (pH 7.4), the system demon-

strated a release efficiency of 56.13% for curcumin and 91.43% for

metformin HCl. The hydrogel matrix was observed to modulate the

release kinetics, with curcumin exhibiting a sustained release pro-

file and metformin HCl showing an initial rapid release phase fol-

lowed by stabilization. Beyond its drug delivery capabilities, the

Cur/MH/HKUST-1@Gel system exhibited multifaceted therapeutic

benefits, including potent antimicrobial activity, stimulation of an-

giogenesis, preservation of COL integrity, and mitigation of copper-

induced toxicity.

4.6. Anti-bacteria and anti-inflammatory promotion

The bacterial cell wall, a critical determinant of bacterial struc-

tural integrity and pathogenicity, is fundamentally composed of

peptidoglycan. This polymeric network is further differentiated by

the presence of unique surface components: Gram-positive bac-

teria are distinguished by their teichoic acid-rich layers, whereas

Gram-negative bacteria are characterized by their outer membrane

containing lipopolysaccharide (LPS). These structural features not

only define bacterial taxonomy but also serve as important targets

for therapeutic intervention strategies aimed at disrupting bacte-

rial viability. Gao et al. [94] introduced artificial peroxisomes with

Co-Ru centers (APCR), synthesized via a hydrothermal method, as

a novel antimicrobial agent. In vitro characterization revealed a re-

markable pH-dependent catalytic duality: under acidic conditions,

APCR functions as a peroxidase (POD), generating ROS to induce

oxidative stress, while in neutral to alkaline environments, it acts

as a catalase (CAT), effectively decomposing H2O2. This dual func-

tionality allows APCR to modulate redox homeostasis in a man-

ner that is detrimental to bacterial survival. Mechanistically, APCR

disrupts bacterial energy metabolism by inhibiting ATP production,

compromises membrane integrity, and accelerates bacterial cell

death. Beyond its direct antimicrobial effects, APCR also demon-

strated pro-angiogenic properties, as evidenced by its ability to

promote vascular regeneration in human umbilical vein endothe-

lial cells (HUVECs). In a preclinical model of MRSA-infected dia-

betic rabbit wounds, APCR treatment significantly reduced inflam-

matory responses and increased the presence of pro-regenerative

macrophages, further supporting its multi-faceted therapeutic po-

tential. Collectively, these findings underscore APCR’s efficacy as

an antibacterial, anti-inflammatory, and pro-angiogenic agent, as

schematically represented in Fig. S4 (Supporting information).

Advanced antimicrobial materials are engineered with multi-

faceted strategies to combat bacterial infections, including con-

trolled release of antimicrobial agents and surface modifications

that impede bacterial adhesion and biofilm development [95].

Emerging research has elucidated the mechanism of action of car-

bon dots (CDs), which exhibit potent antibacterial activity through

interference with bacterial protein synthesis machinery. Specifi-

cally, CDs disrupt the assembly and function of critical structural

proteins, encompassing ribosomal subunits, cytoskeletal elements,

secreted extracellular proteins, and metabolic enzymes. By ob-

structing transcription and translation processes, CDs effectively

mimic the mode of action of traditional antibiotics but with a dis-

tinct molecular mechanism. Furthermore, CDs induce conforma-

tional changes in extracellular proteins, thereby compromising bac-

terial virulence and survival strategies. Notably, the synthesis of

CDs can be achieved using biologically derived materials such as

CTS and other natural polymers. This approach integrates the in-
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herent biocompatibility and environmental sustainability of natural

resources, thereby enhancing the translational potential of CDs in

biomedical applications and antibacterial therapies [96]. Such bio-

inspired nanomaterials represent a promising paradigm shift to-

wards sustainable and effective antimicrobial solutions.

Conventional hydrogel systems are contingent upon bacterial

ingress into their porous matrices to exert antimicrobial activity,

a process that is inherently slow and may paradoxically exacer-

bate inflammatory responses, thereby impeding wound repair pro-

cesses. This limitation underscores the critical need for strategies

that enable rapid bacterial sequestration and neutralization to en-

hance antimicrobial efficacy. The strategic deployment of these cell

wall-targeting agents could significantly improve clinical outcomes

by synergistically enhancing bacterial clearance and promoting tis-

sue repair. Future investigations into the optimization of delivery

systems and combinatorial therapies are warranted to fully realize

the therapeutic potential of these targeted antimicrobial interven-

tions in diabetic wound management [97].

Chronic inflammation is frequently associated with dysregula-

tion in the production of key cytokines, including IL-6, TNF-α,

and IL-10. Restoring the equilibrium of these inflammatory medi-

ators is essential for mitigating inflammatory responses and pro-

moting effective wound healing. Chen et al. [98] developed a

novel Bacillus chlorella (Bac-Chl) gel formulation capable of sus-

tained hydrogen gas production over a 60-h period. This innova-

tive gel demonstrated remarkable anti-inflammatory properties by

enhancing the secretion of IL-10, a potent anti-inflammatory cy-

tokine, while concurrently suppressing IL-6 expression. The hydro-

gen molecules generated by the Bac-Chl gel were shown to in-

duce a favorable shift in the cytokine balance, fostering an environ-

ment conducive to angiogenesis and tissue regeneration. Notably,

the gel exhibited exceptional biocompatibility and minimal cyto-

toxicity, underscoring its potential for therapeutic applications. Fur-

thermore, the study highlighted the role of tumor necrosis factor-

alpha-induced protein 6 (TNFAIP6), which plays a critical role in

cellular motility and ECM stabilization. TNFAIP6 was found to ex-

ert anti-inflammatory effects across various experimental models,

contributing to the attenuation of inflammation within the DFUs

microenvironment [21]. These findings collectively suggest that tar-

geted modulation of cytokine networks and stabilization of the

ECM represent promising strategies for the management of chronic

inflammation and promotion of wound healing in complex patho-

logical settings.

4.7. Immunity reaction regulation

The pathogenesis of DFUs is closely linked to immune cell

dysregulation, particularly the overabundance of TNF-α and

pro-inflammatory T lymphocytes, which perpetuate inflamma-

tory responses within the wound microenvironment [99]. M1

macrophages, characterized by their secretion of TNF-α and IL-1β ,

exacerbate inflammatory processes, whereas M2 macrophages con-

tribute to tissue repair by producing IL-10, which stimulates an-

giogenesis and facilitates tissue regeneration. Additionally, reduced

levels of monocyte chemoattractant protein-1 (MCP-1) impair im-

mune surveillance and disrupt interactions between keratinocytes

and immune cells, resulting in diminished dendritic cell migra-

tion to the wound site and impaired healing in diabetic conditions

[100].

Biomaterial-based strategies offer a promising avenue for mod-

ulating immune responses through the controlled delivery of im-

munoregulatory molecules. For instance, TGF-β has been shown

to promote fibroblast proliferation while inhibiting TNF-α produc-

tion, thereby contributing to a more favorable wound healing en-

vironment. Hauck et al. [101] developed a COL/hyaluronan hydro-

gel incorporating SHA, which demonstrated the ability to regulate

macrophage polarization, favoring a shift from pro-inflammatory

M1 to reparative M2 phenotypes. Emerging research is focusing on

the use of RNA-based therapies to influence macrophage polariza-

tion. Recognizing the potential of RNA molecules to modulate im-

mune responses, investigators are designing biomaterials capable

of delivering RNA payloads to wound sites. Li et al. [102] conducted

a comprehensive analysis of gene expression profiles in skin tis-

sues from DFUs patients, revealing distinct differences in immune-

related gene expression patterns between pro-inflammatory M1

macrophages and DFUs skin. Notably, a specific circular RNA (cir-

cRNA) was found to be highly abundant in DFUs wounds but

scarcely present in acute wounds. This circRNA was shown to pro-

mote keratinocyte proliferation while inhibiting their migratory ca-

pacity, suggesting a complex role in wound healing dynamics.

The encapsulation of RNA lipoplexes within natural polymer hy-

drogels, such as CTS or Alg, represents a promising strategy for

achieving controlled release and enhancing the therapeutic efficacy

of RNA-based immunomodulatory agents in the context of DFUs

repair. Such approaches hold significant potential for advancing the

development of targeted therapies that can effectively modulate

immune responses and promote healing in chronic wounds.

5. Conclusion and future perspectives

Over the past two decades, both natural and engineered bio-

materials have emerged as valuable tools for delivering personal-

ized therapeutic interventions that cater to the heterogeneous mi-

croenvironments’ characteristic of DFUs. These biomaterials exhibit

a range of beneficial properties, including blood glucose-lowering

effects, antimicrobial activity, anti-inflammatory action, and im-

munomodulatory capabilities. Concurrently, chemically modified

biomaterials, such as liposomes, stimuli-responsive hydrogels, and

nanofibers, have been integrated with smart monitoring devices

(e.g., mobile phone-based platforms) to enable non-invasive, con-

tinuous, and real-time monitoring of critical physiological parame-

ters, such as blood glucose levels and exudate pH. This technologi-

cal advancement facilitates early detection of complications, timely

intervention, and improved management of DFUs, ultimately re-

ducing the risk of infections and amputations and enhancing the

overall care of this patient population.

Despite these remarkable progressions, the field of biomateri-

als continues to grapple with the challenge of achieving precise

customization to meet the highly individualized needs of DFUs

patients. This is largely due to the significant inter-patient vari-

ability in wound microenvironments. In response, the current fo-

cus in biomaterials design is shifting towards the development of

degradable materials that can be tailored to align with the specific

healing timeline of individual patients. This approach involves the

customization of critical mechanical properties, including strength,

flexibility, and durability, to precisely match the unique require-

ments of the patient’s tissue. By leveraging patient-specific clinical

data, it is possible to engineer biomaterials that are not only tai-

lored to the distinct genetic profile and health status of each pa-

tient but also capable of adapting to the dynamic changes occur-

ring during the healing process. Furthermore, the active involve-

ment of healthcare professionals and patients in the biomaterials

design phase can ensure that the resulting therapies are not only

effective in improving clinical outcomes but also aligned with the

patient’s preferences and lifestyle, thereby enhancing their overall

quality of life.
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