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Abstract

Diabetic wounds represent a significant clinical challenge due to a complex pathological mi-
croenvironment marked by hyperglycemia, persistent inflammation, and high susceptibility
to infection. Metal composite hydrogels have emerged as a next-generation therapeutic
platform that uniquely combines the multifaceted capabilities of metal components, such
as potent antibacterial, anti-inflammatory, and antioxidant activities, with the ideal moist
healing properties of hydrogels. This review focuses on recent progress in the design
strategies for these materials, including physical, chemical, and hybrid doping methods.
The review then details their multimodal mechanisms of action, including direct antibacte-
rial pathways, like reactive oxygen species generation and photothermal therapy, along
with immunomodulatory interventions that regulate macrophage polarization and resolve
chronic inflammation. Furthermore, their role in promoting tissue repair processes, such as
angiogenesis and collagen remodeling, is discussed. Finally, the review critically examines
prevailing challenges and future directions concerning biosafety, scalable fabrication, and
clinical translation, with the goal of providing a comprehensive reference for advancing
novel therapies for diabetic wound care.

Keywords: metal composite hydrogels; diabetic wounds; antibacterial mechanisms; tissue
regeneration; clinical translation

1. Introduction

Diabetes is a global chronic metabolic disease and a major public health challenge in
the 21st century [1,2]. According to the International Diabetes Federation (IDF) Diabetes
Atlas (11th edition), approximately 589 million adults (20-79 years) were living with
diabetes globally in 2024, corresponding to ~11.1%. This number is projected to rise to
853 million by 2050. Epidemiological studies reveal that diabetes reduces life expectancy [3].
The global mortality burden is profound, with one death occurring every 9 s, and the
disease’s mortality rate has now surpassed the combined mortality rates of acquired
immunodeficiency syndrome (AIDS), tuberculosis, and malaria [4-6].

Diabetes is primarily classified into two main forms. Type I diabetes (T1D) that ac-
counts for 5-10% of cases, is an organ-specific autoimmune disorder characterized by
selective destruction of pancreatic S-cells [7]. In contrast, Type II diabetes (T2D) constitutes
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over 90% of cases and features a heterogeneous pathogenesis, with its core pathophysio-
logical hallmarks being insulin resistance and progressive functional failure of B-cells [8,9].
Although their etiologies and management differ, both types share a common pathological
basis for complications arising from persistent hyperglycemia, such as diabetic foot, an
elevated risk of infection, and diabetic retinopathy [10-12]. Among these, the management
of diabetic wounds is particularly challenging. It is estimated that 15-25% of diabetic
patients will develop chronic, refractory wounds, facing a several-fold times greater risk of
infection than the general population [13]. The triad of immune dysfunction, microangiopa-
thy, and peripheral neuropathy, all induced by chronic hyperglycemia, creates a vicious
cycle that impairs wound healing [14,15]. This leads to a persistently deteriorating wound
microenvironment, heightened susceptibility to secondary bacterial infections, and the
establishment of chronic inflammation. Globally, a diabetic limb amputation occurs every
20 s, with uncontrolled wound infections being the primary driver in 85% of these cases.

Normal wound healing is a well-orchestrated process that progresses via sequen-
tial, overlapping phases: hemostasis, inflammation, proliferation, and remodeling [16].
Hemostasis begins with platelet aggregation and the release of growth factors. This is
followed by an inflammatory phase, during which neutrophils and macrophages clear
pathogens and debris. Subsequently, the proliferation phase involves collagen deposition
by fibroblasts, angiogenesis, and re-epithelialization. Finally, remodeling entails collagen
reorganization and scar maturation, typically completing the process within weeks. In
contrast, diabetic wounds are severely impaired by hyperglycemia and frequently stagnate
in a prolonged inflammatory state [17-19]. This dysregulation is characterized by impaired
macrophage polarization, excessive production of pro-inflammatory factors such as tumor
necrosis factor-oc (TNF-ot) and interleukin-6 (IL-6), and accumulation of reactive oxygen
species (ROS) [20-22]. Consequently, fibroblast and keratinocyte functions are suppressed,
leading to reduced collagen deposition and impaired angiogenesis. These pathological
changes, often compounded by drug-resistant bacterial infections, collectively result in
chronic non-healing and increase the risk of gangrene [23].

Current clinical management of diabetic wounds usually involves a multimodal
approach, e.g., blood glucose control, surgical debridement, decompression, application of
functional dressings (e.g., hydrogels, silver-based dressings), antibiotic therapy, negative
pressure wound therapy, hyperbaric oxygen therapy, and the use of growth factors or stem
cell therapy [24-30]. However, the efficacy of these strategies is increasingly challenged by
the rise in drug-resistant bacteria, the persistence of biofilms, and particularly the limited
efficacy in treating wounds with co-existing vascular complications. Consequently, there is
a pressing need to develop novel integrated therapeutic strategies that synergize potent
antibacterial activity with effective pro-regenerative functions.

Hydrogels are gaining increasing attention as diabetic wound dressings. Their inher-
ently porous structure and high water content allow oxygen permeation while maintaining
a moist environment, thereby promoting wound healing. However, single-component
hydrogel dressings often exhibit certain limitations in antimicrobial efficacy and the pro-
motion of wound healing. Metal composite hydrogels are emerging as multifunctional
materials for diabetic wound treatment. They incorporate antimicrobial metals (e.g., silver,
copper, zinc) into hydrogel matrices, thereby integrating sustained antibacterial activity
with the maintenance of a moist wound environment [31,32]. Research indicates that
these materials can effectively eliminate multidrug-resistant bacteria, regulate the wound
microenvironment, promote angiogenesis and epithelial regeneration, thus providing a
novel therapeutic strategy for chronic diabetic wounds (Figure 1).
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Figure 1. Metal composite hydrogels for the treatment of diabetic wounds.

This article systematically reviews recent advances in metal composite hydrogels for
diabetic wound therapy that includes their composition, fabrication methods, therapeutic
efficacy, and underlying mechanisms in both in vitro and in vivo studies. The review also
discusses future research directions, with the overall goal of providing a valuable resource
for guiding clinical practice and inspiring the development of novel therapeutic materials.

2. Preparation of Metal Composite Hydrogels

The hydrogel matrix is typically synthesized from either natural polymers, such as
chitosan, collagen, gelatin, sodium alginate, agarose, and hyaluronic acid, or synthetic
polymers, including polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyurethane
(PU), polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone
(PCL) [33-38]. Hybrid hydrogels that combine natural and synthetic polymers can be
engineered to achieve superior performance. The incorporated metal components are
diverse, encompassing metallic elements (both single and multi-metal), metal compounds,
and metal-organic composites. The fabrication of hydrogels leverages interdisciplinary
technologies, including three/four-dimensional (3D /4D) printing, microfluidics, and elec-
trospinning, to achieve functionalization and smart capabilities [39]. Based on the incor-
poration strategy of the metal-based materials, these composite hydrogels are categorized
into three types: physical doping, chemical doping, and hybrid doping (Table 1).

Table 1. Integration Strategies of Metal-based Materials in Hydrogels.
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Table 1. Cont.
. Cross-Linking .
Doping Method Mechanism Advantages Disadvantages References
Enhanced stability; Complex and demanding
Covalent and Homogeneous reparation Drocess:
coordination interactions distribution of metal prep P T
S . . Altered hydrogel mechanical
(coordination bonds, ions/particles; roperties:
Chemical Doping Schiff base bonds, Controlled release of _prop ! [44-46]
. . . Potential safety concerns;
boronic ester bonds, metal ions/particles; .. . s
. . Limited functional flexibility
amide bonds) Improved mechanical i
. and reversibility.
properties.
Synergistic structural Stringent process control and
stability; poor reproducibility;
Enhanced functional Difficulty in achieving
Combination of physical diversity; interfacial compatibility and
and chemical methods Formation of uniform distribution;
. . (e.g., coordination bonds interpenetrating Unpredictable interference
Hybrid Doping and hydrogen networks; between different networks; [47,48]
bonding /-7t stacking) Superior mechanical Increased risk of structural
properties; defects;
Successful functional Unpredictable mechanical
integration. performance.

2.1. Physically Doped Composite Hydrogels

Metallic materials are physically doped into the hydrogel network via non-covalent
interactions, such as 7-7 stacking, hydrogen bonding, electrostatic interactions, and simple
blending. This approach features mild processing conditions, operational simplicity, excel-
lent retention of the intrinsic properties of both the metal nanomaterials and the hydrogel,
high functional designability, and broad universality [40,49,50]. However, it also presents
several limitations. For instance, physical doping can easily cause nanoparticle agglomera-
tion and heterogeneous dispersion. Moreover, the weak binding forces between the metal
and the polymer network may lead to metal leakage during long-term use, potentially
resulting in functional decay and biosafety concerns. Additionally, incorporated nanoparti-
cles may disrupt the hydrogel network, adversely affecting its mechanical properties and
swelling behavior. Therefore, this strategy is best suited for short-term applications where
high stability and leakage prevention are not critical.

Despite these limitations, optimizing material composition and interactions in phys-
ically doped hydrogels have achieved significant results in diabetic wound treatment.
Physical doping of nanomaterials may affect gelation time and mechanical properties of the
hydrogels. Chen et al. reported doping Ebselen-loaded dendritic zinc oxide nanoparticles
(Ebs@dZnO NPs) into a hyaluronic acid hydrogel, a formulation that delayed drug release
and acted synergistically with the ROS that was generated by ZnO and Zn?* even though
UV absorption of ZnO prolonged gelation time [51]. However, Gao et al. constructed
a polydopamine-coated ZIF-8 (ZIF-8@PDA) nanoparticle composite chitosan hydrogel
(COG-Z@P200) that showed enhanced crosslinking and elastic modulus with incorpo-
ration of ZIF-8@PDA nanoparticles. This formulation eradicated Methicillin-resistant
Staphylococcus aureus (MRSA) via Zn?*-mediated membrane disruption and photothermal
effects [52]. In another study, Hu et al. loaded lignin-silver nanoparticles (lignin-Ag) into
a chitosan-sodium alginate hydrogel that significantly improving mechanical strength,
antibacterial efficacy, and conductivity. It also promoted adhesion, as well as antioxidant
and anti-inflammatory properties by formation of quercetin-melanin nanoparticles [53].

Appropriate water absorption plays a crucial role in the therapeutic efficacy of hy-
drogels, and physical doping of hydrogels can regulate water absorption. For example,
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Aldakheel et al. used garlic extract for green synthesis of silver nanoparticles (Ag NPs,
50-100 nm) and doped them into a starch-chitosan-alginate free radical polymerization
hydrogel, achieving sustained release of Ag NPs and concentration-dependent antibacterial
activity, with a 24% improvement in swelling performance [41]. Zhang et al. introduced
strontium-doped ZIF-8 (Sr-ZIF-8) into a gelatin methacryloyl (GelMA) hydrogel. These
nanoparticles enhanced hydrophobic interactions, which led to water loss and reduced
swelling, ultimately resulting in a more stable polymer network structure. The released Zn
and Sr ions produced antibacterial and immunomodulatory effects [54].

Physically doped hydrogels can enhance therapeutic efficacy and biological safety. For
example, Qi et al. embedded hemoglobin-coated zeolitic imidazolate (Hb@ZIF-8) nanopar-
ticles into a UV-initiated hydrogel that was co-polymerized with silk fibroin methacrylate
(SEMA), 3-(acrylamido) phenylboronic acid (AAPBA), and quaternized chitosan (QCS).
This approach utilized the disintegration of ZIF-8 in the bacterial microenvironment to
release hemoglobin that then induced the prodrug to generate ROS, thus achieving in
situ sterilization at the infection site [42]. In another approach, Wang et al. combined
copper-doped graphitic carbon nitride (g-C3Ny) with black phosphorus (BP) nanosheets via
electrostatic bonding and 7t-7t stacking, and dispersed the resultant composite in a polyvinyl
alcohol-chitosan (PVA-CS) cross-linked matrix. The copper doping served to accelerate the
hot electron flow, thereby enhancing the near-infrared photothermal effect [55]. Similarly,
Tang et al. encapsulated copper oxide nanoparticles (CuO NPs) within polymer vesicles to
produce copper-polymer nanoreactors (CuO@PS), which were then loaded into a Pluronic
F127 (PF127) thermosensitive hydrogel. This configuration preserved the high catalytic
activity of the CuO NPs while simultaneously mitigating their direct toxicity [43].

2.2. Chemically Doped Composite Hydrogels

Metal ions or nanoparticles can be incorporated into hydrogel networks via chemical
cross-linking, primarily via coordination interactions, covalent integration, and in situ
reduction/chelation. This incorporation can enhance the hydrogel’s stability, mechanical
properties, and functionality. Nevertheless, these strategies differ significantly in their
preparation and impact on the material’s intrinsic properties.

2.2.1. Doping Based on Coordination Interactions

This strategy relies on the dynamic and reversible coordination between metal ions
and specific ligands (e.g., carboxyl, catechol, or histidine) present on the polymer chains.
These metal-ligand complexes act as dynamic cross-links within the network. This not only
enhances mechanical strength and resilience of the hydrogel, but it also facilitates sustained
release of metal ions. For instance, Zn?* coordination with glycyrrhizic acid (GA) induces
self-assembly that results in a shorter gelation time and improved mechanical strength [44].
In a more complex system, a pre-formed tannic acid-Zn coordinated complex has been
cross-linked with phenylboronic acid-modified gelatin via boronic ester bonds that achieves
controlled release of Zn?* and antibacterial pro-healing [56]. It is important to note that
the coordination strength must be precisely controlled. For example, excessive Cu* (e.g.,
when chelated by the glycyl-histidyl-lysine peptide) can disrupt protein 3-sheet structure,
thereby inhibiting hydrogel self-assembly [57].

2.2.2. Doping Based on Covalent Integration

In this approach, covalent bonds form in the metal centers (ions, complexes, or
nanoparticles) of the hydrogel network, thus ensuring robust structural integrity and
uniform distribution. This can be further categorized by the nature of the covalent bond.

Stable covalent bond integration involves permanently anchoring metal-ligand com-
plexes into the network via non-reversible bonds. In this case, the complexes primarily serve
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as functional units rather than the primary structural framework. A prime example is the
covalent conjugation of biomimetic catalase (iron porphyrin, FeP) into a PEG network via
amide bond formation that increases the FeP ratio to increase cross-linking density, reduce
swelling ratio, and enhance the modulus, while having a catalytic function (scavenging
ROS and producing oxygen) (Figure 2A) [58].
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Figure 2. (A) Iron-based nanocomposite hydrogels constructed via amide bonds [58]. (B) Hydrogels
prepared via dynamic boronic ester bonds enable on-demand release. (a) Schematic of preparation
and (b) release mechanism [59].

Dynamic covalent bond integration leverages reversible covalent bonds to construct
responsive and adaptive networks. For example, gold nanoparticles (Au NPs) surface-
riched in catechol groups, form reversible boronic ester bonds with phenylboronic acid-
modified sodium alginate (PBA-Sa) that results in a hydrogel with enhanced mechanical
properties (stability, elasticity, adhesion), as well as antioxidant and anti-inflammatory
activities (Figure 2B) [59]. Similarly, Cu?* form CuPDA nanoparticle complexes containing
dopamine have been loaded into hydrogels via borate bonds, a formulation that imparts
higher cross-linking density, robust adhesion, and photothermal capabilities to the hydro-
gel [45]. Likewise, the protocatechualdehyde-iron (III) complex (PCA@Fe) can be covalently
cross-linked to collagen via Schiff base bond formation to enhance the mechanical prop-
erties and thermal stability of the hydrogel, as well as integrating the photothermal and
antibacterial functions of Fe3* [60].

Thus, whereas stable covalent bonds create a static, high-strength network for sustained
functionality, the dynamic covalent bonds introduce stimuli-responsive and self-healing
characteristics that collectively advance the design of sophisticated functional hydrogels.

2.2.3. Doping via In Situ Reduction and Chelation

This strategy involves the in situ reduction in metal ions to form nanoparticles or
nanoclusters, that are simultaneously captured and stabilized within the hydrogel net-
work. This approach combines the high stability of nanomaterials with unique functional
properties. For example, hyaluronic acid modified with thiourea groups can reduce Cu?*
to mixed-valence copper nanoclusters and chelate/cross-link with them. As the Cu?*
concentration increases, cross-linking density increases that leads to reduced swelling. Con-
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currently, key material properties, such as mechanical strength (reflected in compressive
stress) and Young’s modulus, as well as functionalities including photothermal effects and
conductivity, are significantly enhanced [46]. In addition, chitosan has been utilized to
reduce Ag™ in situ that generates Ag NPs. The introduction of PEG further stabilizes the
Ag NPs, thus yielding a composite hydrogel with excellent antibacterial and antioxidant
properties. However, this process leads to a reduction in water absorption and swelling [61].
Overall, the choice of the chemical doping strategy governs the form of the metal, its
distribution uniformity, stability, and the pathway for functional realization. Although
these methods may introduce challenges, such as complex preparation and alterations
to the hydrogel’s intrinsic properties, the strategic pre-design of molecular groups and
composite networks enables a fine balance between stability, mechanical performance, and
biological function. This rational design provides strong support for developing advanced
functional hydrogels, particularly for applications like smart wound dressings.

2.3. Hybrid-Doped Composite Hydrogels

Building on individual doping strategies already discussed, real-world applications
often require integration of multiple metals or creation of complex systems. This hybrid
approach leverages the strength of both chemical cross-linking and physical interactions.
Chemical bonds act as permanent anchors within the network to enhance interfacial binding
and prevent metal leakage, while physical interactions preserve functional properties of
the metal nano-units by minimizing disruptive chemical modifications. This synergy can
lead to formation of inter-penetrating or multiple networks, which improves the hydrogel’s
mechanical properties and enables sophisticated functional integration.

In practical systems, the efficacy of this strategy has been demonstrated by both en-
hanced interfacial interactions and tailored network evolution. For example, nanoparticles
formed by coordinated self-assembly of quercetin (QCT) and Cu?* have been embedded
into a modified carboxymethyl chitosan (CMCS) hydrogel via hydrogen bonding, -7t inter-
action, and coordination bonding. Although nanoparticle incorporation causes network
densification that is manifested in decreased porosity, storage modulus, and swelling rate,
it significantly enhances adhesive properties and ductility (Figure 3) [47]. In a porcupine
spine-inspired multilayer microneedle system, the copper-doped polyacrylamide hydrogel
backing (formed via coordination and radical polymerization) enhances the patch’s stability
and antibacterial properties. Furthermore, the CaO, nanoparticles and drugs encapsulated
within the microneedles, work synergistically to treat diabetic wounds [48].

Treatment

.

' Hydrogen bonding _ ' }

! 7-7 interaction

&n.___{_Coordination bonding | { Enhanced properties: '

__________ C * Adhesive
; ® QCT-Cu} i+ Ductility
/'J { { cMmes | )

Hydrogel Diabetic wound

Figure 3. Metal-based nanomaterials incorporated into hydrogels via multiple crosslinking mecha-
nisms enable the regulation of their mechanical properties.

In conclusion, hybrid doping, by combination of physical and chemical interactions,
has shown significant advantages in designing multifunctional hydrogels that are partic-
ularly suitable for scenarios requiring high synergy between mechanical properties and
biological function. However, its successful implementation depends highly on the fine
control of multiple components at the molecular and nanoscale levels. Future efforts, there-
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fore, are required to focus on improving controlled preparations and structural stability of
these relatively complex systems.

3. Use of Metal Composite Hydrogels in Diabetic Wound Therapy

Diabetic wound healing disorders are mainly manifested in persistent chronic in-
flammation in a hyperglycemic microenvironment, susceptibility to infection, impaired
angiogenesis, and delayed tissue regeneration. Metal composite hydrogels offer a multi-
functional synergistic strategy by combining the functional properties of metal components
(e.g., antibacterial, anti-inflammatory, angiogenesis-promoting, and immunomodulatory
effects) within the three-dimensional hydrophilic structure of the hydrogel matrix. Based
on the type of metal used (Table 2), these hydrogels can be categorized as shown in the
following sections.

Table 2. Representative Metal Composite Hydrogels for Diabetic Wound Therapy.

Metal Type Function Category Mechanism Therapeutic Effect References
Disrupts b.acterlal cell‘ Broad-spectrum antibacterial
. . membranes; interferes with L.
Antibacterial L activity;
DNA replication; denatures . .
. low risk of resistance
proteins
Synergizes with functional
A . . . . Accelerates wound closure; [41,62-64]
g Angiogenesis and molecules (e.g., insulin) to s 4
. T . . promotes granulation tissue
re-epithelialization promote cell migration and ‘ .
: : ormation
proliferation
. Scavenges ROS; induces Alleviates oxidative stress and
Antioxidant and o . .o -
. macrophage polarization inflammation; improves healing
anti-inflammatory . .
toward the M2 phenotype microenvironment
Disrupts bacterial membranes;
Antibacterial and inhibits metabolic enzymes; Alleviates chronic inflammation;
i downregulates . :
anti-inflammatory . effectively clears bacteria
pro-inflammatory factors
(TNF-a, IL-6)
Promotes fibroblast
Zn liferation and coll Accel 1 [65-67]
. proliferation and collagen ccelerates wound closure and
Pro-healing and -, . . e
. - deposition; regulates tissue remodeling; facilitates scarless
immunomodulation .
macrophage M1/M2 repair
polarization
Smart response/ Responsive release; On-demand therapy; integrates
Theranostics monitoring of glucose diagnosis and treatment functions
' ‘ Generates ROS; disrupts Highly e:-fﬁaent' bactericidal activity;
Antibacterial . : . effective against drug-resistant
bacterial membrane integrity .
bacteria
Promotes vascular endothelial Improves ischemic and hypoxic
C Angiogenesis cell proliferation and microenvironment; accelerates [43,68]
u migration angiogenesis v
Modulates macrophage
. polarization; promotes Alleviates chronic inflammation;
Immunomodulation i . . .
transition to M2 promotes inflammation resolution
anti-inflammatory phenotype
Fenton-like reaction produces
ROS; directly disrupts
Antibacterial bacterial cell structure; Provides a potent antibacterial effect
photothermal effect generates
heat
oo Mimics nanozyme activity to . R
Fe Antioxidant scavenge ROS Alleviates oxidative stress [58,69,70]

Anti-inflammatory

Oxygenation

Regulates macrophage
polarization from M1 to M2
phenotype
Decomposes H,O; to release
O,

Downregulates TNF-«, IL-15;
upregulates IL-10, TGF-f1; alleviates
excessive inflammation

Alleviates tissue hypoxia
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3.1. Silver-Based Composite Hydrogels

Silver-based materials (primarily Ag NPs) are highly useful in diabetic wound ther-
apy. These materials offer broad-spectrum antibacterial activity, a low tendency to induce
bacterial resistance, and the capacity to indirectly improve the microenvironment by con-
trolling infections [71,72]. Their antibacterial mechanism of action involves a multi-level
process in which Ag™* disrupts bacterial cell membranes, interfers with DNA replication,
and inactivates functional proteins. In addition, Ag NPs can further enhance efficacy via
promoting physical contact and inducing localized oxidative stress. Nevertheless, the
non-specific biological activity of Ag*/Ag NPs at high concentration can lead to cytotoxic
effects on normal cells. When incorporated into the polymer network via covalent bonding
or physical encapsulation, these materials have shown controlled release that provides
sustained antibacterial protection and mitigates cytotoxicity (Figure 4) [73].

CV fabric treated by  PNCS hydrogel CV_PNCS  1.00r5.0mM Sumacleaves CV_PNCS/1Ag
polysiloxane matrix dispersion AgNO; extract CV_PNCS/5Ag

(b)

Dehydrated PNCS Exces; water 1.0 or 5.0 mM AgNO, CV fabric treated by  Functionalised CV_PNCS+1Ag
hyd | di i + sumac leaves extract polysiloxane matrix PNCS hydrogel CV_PNCS+5Ag

ydrog

Figure 4. Ag NPs loaded into the PNCS (poly-(N-isopropylakrylamide)/chitosan) hydrogel enabled
controlled release. (a) In situ synthesis and (b) pre-embedding of Ag NPs [73].

To enhance antibacterial activity in complex infectious microenvironments, research
on silver-based composite hydrogels has focused on sophisticated design strategies that
mitigate agglomeration, ensure uniform distribution, and enable sustained release of the
nanoparticles. This has been exemplified in a system where Ag NPs and insulin are
co-loaded into mesoporous polydopamine nanoparticles (mPD NPs) to form a fibrous hy-
drogel within a photochemically crosslinked polycaprolactone/methacrylated hyaluronate
aldehyde network. These mPD NPs act as carriers to stabilize the Ag NPs, thereby enhanc-
ing their overall bacteriostatic performance [62]. Beyond that, a hydrogel based on the
polysaccharide ulvan has been constructed via a Schiff base reaction and in situ reduction
in Ag* that achieves a uniform distribution of Ag NPs and broad-spectrum antibacterial
activity [74]. Another method employs green synthesis with Clerodendrum glandulosum
extracts to produce Ag NPs, that are loaded into a chitosan-PEG hydrogel to achieve sus-
tained release for up to 7 days, along with significant in vitro antibacterial activity [63].
These studies reflect the trend towards synergistic, uniform, and long-lasting antibacterial
designs in silver-based hydrogels.

Silver-based materials typically require effects from other functional agents to mod-
ulate the wound microenvironment and promote tissue regeneration to accelerate dia-
betic wound healing. For example, in a T2DM mouse model, aminated Guar Gum/Ag
NPs/alginate composite hydrogels (HG-Ag-EGCG) have leveraged the antioxidant epi-
gallocatechin gallate (EGCG) component to efficiently scavenge ROS that significantly
reduces oxidative damage and accelerates wound closure [64]. Similarly, the thermo-
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responsive hydrogel (PAcN/Ag@Clay-TA) promotes antibacterial, antioxidant and anti-
inflammatory effects that induce macrophage polarization to the M2 type, and, combined
with temperature-triggered contraction facilitates release of nanoparticles to enhance the
antibacterial effect and to actively promote diabetic wound closure [75]. Correspondingly,
phosphate-responsive hydrogels (PAA-CaP@AgNps@exo) significantly enhance prolif-
eration, migration, and angiogenic capacity of keratinocytes and endothelial cells in a
high-glucose environment via the action of exosomes and antibacterial Ag NPs. Exosomes
play a crucial role in wound healing by regulating inflammation, promoting angiogene-
sis, and stimulating epithelial cell regeneration. However, their therapeutic potential has
been limited by a short half-life and rapid clearance. Hydrogels address these issues by
protecting exosomes from premature degradation and enabling their sustained release,
thereby achieving their therapeutic effect [76]. In a rat diabetic burn model, a collagen-
based composite scaffold (Coll/OJFSP/Ag@Cat) has been shown to regulate signaling
pathways (downregulating TGF-£1, upregulating TGF-83) that promote scarless healing
and skin regeneration [77]. These advances indicate that the function of silver-based hydro-
gels has evolved from passive antibacterial action to actively regulating cell behavior and
regenerative signaling pathways. This, in turn, has provided the possibility to achieve dual
structure-function-based repair.

3.2. Zinc-Based Composite Hydrogels

Zinc-based composite hydrogels hold great promise for diabetic wound healing due
to the multifaceted bioactivities of Zn?* that exerts broad-spectrum antibacterial effects
by disrupting bacterial membranes and inhibiting metabolic enzymes. Furthermore, zinc
suppresses pro-inflammatory factors, like TNF-a and IL-6, thus alleviating chronic in-
flammation. Additionally, Zn?* inhibits expression of the pancreatic zinc transporter
(ZnT8), that helps regulate immune responses and restores islet function [78]. These ac-
tions, combined with its ability to promote fibroblast proliferation, collagen deposition,
and angiogenesis, allow Zn?* to foster a regenerative microenvironment that accelerates
wound closure and remodeling. Zn-based materials are incorporated into hydrogels via
coordination or physical blending. Among these, dynamic coordination is particularly
advantageous, as it enables stable Zn?* loading, while endowing the hydrogel with smart
properties [65].

In recent years, ZIF-8-based nanocomposite hydrogels have been widely used for
loading functional molecules to enhance therapeutic effects. For example, dihydroquercetin
(DHQ) has been loaded into ZIF-8 to form DZ nanoparticles that were embedded into
a PVA/graphene oxide/sodium alginate composite hydrogel. This has resulted in DZP
hydrogels that exhibit excellent antioxidant, antibacterial, anti-inflammatory, and pro-cell
migration properties, and it significantly accelerates diabetic wound healing in mice by
inhibiting activation of the IkBa/NF-xB pathway [79]. Similarly, a sprayable methacrylic
anhydride-modified gelatin (GeIMA) hydrogel has been loaded with gcz nanoparticles,
a neutrophil-mimicking dual-enzyme system with glucose oxidase (GOx) and chloroper-
oxidase co-encapsulated in ZIF-8. This hydrogel possesses good sprayability, blue light
curability, and biocompatibility that promotes fibroblast proliferation. The gcz nanoparti-
cles consume glucose in wounds to generate HCIO, thereby lowering local blood glucose
and promoting antibacterial effects. Animal experiments have shown that this hydrogel
significantly accelerates wound healing in type I diabetic rats and achieves scarless repair
by regulating TGE-p expression [80].

Furthermore, zinc-based composite hydrogel response systems have been widely
employed in treating diabetic wounds. The dual-cross-linked hydrogel SA-TP@SF@Zn-
EA-PL, that is based on a zinc-ellagic acid metal-organic framework (Zn-EA) and
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e-polylysine (e-PL), integrates glucose-responsive dynamic covalent bonds with static co-
valent bonds. This design enables an intelligent response to the wound microenvironment
and antibacterial-promoting repair, while the photothermal effect of Zn-EA provides mild
thermal stimulation that promotes chronic wound healing [66]. In terms of the intelligent
response and synergistic therapy, the photo cross-linkable hydrogel adhesive ACGG-ZL
(formulated from arginine-methacrylated chitosan (Arg-CSMA) and gallic acid-modified
gelatin methacryloyl (GA-GelMA) loaded with a Zn?**-Laponite nanoclay (Zn@LAP, ZL))
promotes release of Zn?* and NO in inflammatory microenvironments. This multifunctional
system exerts antibacterial, antioxidant, anti-inflammatory properties, promotes neurovas-
cular regeneration, and accelerates wound healing by electrostimulation [81]. Furthermore,
a pH-responsive hydrogel GO@ZM that is based on a zinc-metformin coordination com-
plex (Zn@Met), has been developed by integrating photopolymerization and hydrogen
bond/Schiff base bond cross-linking mechanisms. By leveraging the immunomodulatory
properties of oxidized konjac glucomannan and the antibacterial, anti-inflammatory, and
pro-proliferative effects of Zn@Met, this hydrogel has significantly accelerated the healing
of MRSA-infected diabetic wounds [82].

Additionally, the dual-layer hydrogel design allows for specialized functions in distinct
zones. An antibacterial protective membrane, composed of gelatin methacrylate-alginate-
zinc oxide nanoparticles (GelMA-ALG-ZnO), has been combined with a regenerative hydro-
gel rich in collagen type I and platelet-rich plasma (COL1-PRP). This composition forms a
bilayer dressing that forms a physical barrier and has a bioactive function with antibacterial
effects from the upper ZnO layer and promotion of cell migration and angiogenesis from
the lower layer. In a rat model, this formulation has addressed the complex pathological
environment of diabetic foot ulcers and has effectively promoted full-thickness skin defect
repair [67]. In another study, an ingeniously designed hydrogel, PF127@7Zn/C-G, has been
loaded with a Zn/C assembly (formed by the coordination of carbon dots (CDs) with Zn>*)
and GOx that triggers fluorescence recovery of the CDs via GOx-catalyzed acid production
from glucose for real-time monitoring of blood glucose levels. In a diabetic mouse model,
this integrated platform has promoted the antioxidant and ROS scavenging ability of CDs
with the proangiogenic properties of Zn>* to achieve combined blood glucose monitoring
and wound therapy (Figure 5) [83]. In a separate bilayer hydrogel system, the inner layer
was formed by Schiff base cross-linking of oxidized hyaluronic acid and carboxymethyl
chitosan that was loaded with GOX@ZIF-8 to catalyze glucose to produce H,O; and an
acidic microenvironment which triggers ZIF-8 decomposition and release of antibacterial
Zn?*. The outer chitosan/PVA hydrogel encapsulates 3,3',5,5'-tetramethylbenzidine (TMB)
and horseradish peroxidase (HRP) for visual quantification of glucose by H,O,-induced
color development. In a diabetic rat infection model, this system combines adhesion, bio-
compatibility, and antibacterial properties to achieve wound healing within 13 days and
integrates glucose monitoring with wound repair [84].

In short, zinc-based composite hydrogels, produced by using diverse materials and
functional integration, not only has played a key role in antibacterial, anti-inflammatory;,
and pro-repair functions, but also has made breakthroughs in intelligent responses, dynamic
monitoring, and immune regulation. This, in turn, has provided increasingly comprehen-
sive and innovative solutions for diabetic wound therapy. Nevertheless, several challenges
remain: (1) the narrow therapeutic window of zinc ions where excessive release can induce
cytotoxicity; (2) the potential compromise of the hydrogel’s mechanical properties with the
addition of zinc-based materials; (3) unknown long-term in vivo safety of these complex
composite systems; and (4) cumbersome and costly manufacturing processes that hinder
clinical scalability.
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Figure 5. Zinc-based composite hydrogel achieves integration of detection and treatment [83].

3.3. Copper-Based Composite Hydrogels

Copper-based composite hydrogels offer a highly promising strategy for treating
diabetic wounds. The Cu?* released from these hydrogels has multiple bioactive func-
tions, including inherent antibacterial, pro-angiogenic, and immunomodulatory properties.
Similarly to silver-based materials, Cu?* exhibits dose-dependent cytotoxicity, primarily
by inducing intense oxidative stress via Fenton-like reactions and disrupting intracellular
metal homeostasis. Therefore, the primary challenge in applying these materials lies in
controlling the Cu?* concentration, as excessive release of this ion may be cytotoxic.

Recent advances in material design have effectively mitigated the cytotoxicity issue of
Cu?* by stabilization and controlled-release strategies. For instance, the self-assembling
hydrogel HLQMes/Cu coordinates L-histidine derivatives and Cu?*, which not only
significantly reduces ion toxicity, but also promotes self-healing, biocompatibility, and
degradability. The optimized HLQMes/Cul.3 formulation has demonstrated enhanced me-
chanical strength with a storage modulus of up to 693.7 Pa due to increased cross-linking. In
a diabetic mouse model, these hydrogels have achieved a 100% bactericidal effect against S.
aureus and E. coli within 9 h via sustained Cu?* release, while simultaneously downregulat-
ing pro-inflammatory IL-6, promoting angiogenesis, and facilitating near-complete wound
closure by day 11 [85]. Similarly, the H-HKUST-1 system encapsulates a copper metal—-
organic framework within a thermosensitive antioxidant hydrogel (PPCN), that protects
nanoparticles from degradation and ensures sustained Cu?* release. This, in turn, reduces
cytotoxicity while promoting keratinocyte and fibroblast migration. In a diabetic mouse
model, this system has accelerated wound closure within 21 days by upregulating vascu-
lar endothelial growth factor (VEGF) and creating an antioxidant microenvironment [86].
However, its long-term biological safety requires further investigation.

Aside from mitigating copper ion toxicity, copper-based hydrogels have actively
regulated the immune microenvironment, which is critical for healing chronic diabetic
wounds. Cu-HHA /PVA@M®?2 hydrogels exemplify this advanced capability. By cross-
linking with a low concentration of Cu?*, researchers have discovered that this hydrogel
serves as a carrier for M2 macrophages and promotes polarization of pro-inflammatory
M1 macrophages to the restorative M2 state, thereby alleviating immune suppression. The
release of Cu®* works with the hyaluronic acid component to stimulate VEGF secretion,
promote angiogenesis, and downregulate TNF-¢, thus ultimately improving the hypoxic
wound microenvironment. In a diabetic mouse model, this immunomodulatory strategy
has achieved a wound area reduction of 6.7% in 12 days [87].
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Furthermore, integration of Cu?* with other therapeutic modalities has enabled pow-
erful synergistic effects, particularly in managing infected wounds. The PDA-rGO@Cu/CS
hydrogel combines the photothermal properties of polydopamine-reduced graphene oxide
with the ability of Cu?" to catalyze release of endogenous nitric oxide (NO). In diabetic
rats, this combination has yielded a material with potent antibacterial activity under NIR
irradiation and continuous NO release for angiogenesis promotion, resulting in 91.57%
wound healing after 14 days [88]. In another system, the CMCS/THB/Cu/GB hydrogel
utilize Cu?* for antibacterial action and leveraged photothermal effects to stimulate NO
release. This multifaceted approach provides antioxidant and anti-inflammatory benefits,
significantly downregulates TNF-«, promotes collagen deposition, and accelerates wound
closure, all supported by self-healing properties that ensure durability in the dynamic
wound environment [68].

3.4. Iron-Based Composite Hydrogels

Iron-based composite hydrogels represent a novel therapeutic strategy for diabetic
wound healing, because they integrate antimicrobial, catalytic, immunomodulatory, and
oxygen-regulating effects. These materials catalyze Fenton-like reactions to generate bac-
tericidal ROS from HyO,, while mimicking catalase activity to decompose H,O; into
O;. In turn, this has alleviated hypoxia and promoted tissue oxygenation. Additionally,
these gels promote inflammation resolution and facilitate tissue remodeling by converting
macrophages from pro-inflammatory M1 to reparative M2 phenotypes. Iron-based compo-
nents have typically been incorporated into hydrogels via coordination bonds or physical
encapsulation, to ensure controlled release while maintaining robust mechanical properties
and biocompatibility. This multifunctional design has been particularly well suited for
the diabetic wound microenvironment that is characterized by severe oxidative stress and
hypoxia. Despite these promising features, the potential toxicity and long-term biosafety of
iron necessitate precise dosage control to avoid adverse effects.

Fe3* can be incorporated into injectable PG-Fe hydrogels via coordination interactions
to produce rapid gelation (11.5 s), superior mechanical properties, strong tissue adhesion
(50.5 kPa), self-healing capability (60 s), and degradability. This hydrogel has demon-
strated significant antioxidant and anti-inflammatory activities, promoted cell adhesion,
migration, and proliferation, and regulated macrophage polarization to the M2 phenotype.
Furthermore, this hydrogel can be dissolved and removed on demand using a deferox-
amine solution, demonstrating its potential for chronic diabetic wound treatment [89].
Additionally, Fe®* imparts antibacterial properties to the hydrogel by interactions with
an antimicrobial agent. Specifically, by coordination between Fe** and the antimicrobial
agent 2,3 4-trihydroxybenzaldehyde (THB), this THB-grafted gelatin forms a multifunc-
tional hydrogel that has avoided the use of strong alkaline reagents or strong oxidizing
agents. Hydrogel possesses an adjustable gelation time, excellent rheological properties,
and self-healing ability, and exhibits strong adhesion to various materials. Furthermore, the
pyrogallol groups endow it with significant antibacterial activity, with a bactericidal rate of
~90% against S. aureus and E. coli. In a diabetic rat wound infection model, this hydrogel
has effectively inhibited infection, reduced inflammatory responses, and promoted wound
healing [90].

In addition, iron-based composite hydrogels have been used in combination to
combat bacterial infections and hypoxia in diabetic wounds. The tubular nanocomplex
OCNT@COF-Fe (O@CF) has been constructed with a uniform coating of a covalent organic
framework (COF) on oxidized carbon nanotubes (OCNTs) and subsequent coordination
with Fe3*. Within the nanocomplex, OCNT functions as an intermolecular charge-transfer
channel, and Fe3* serves as both an electron acceptor and a substrate adsorption site that
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results in a significant enhancement of the COF’s photodynamic activity for the efficient
generation of superoxide anions (-O, ™) and hydroxyl radicals (-OH) under light irradiation.
Additionally, O@CF demonstrates pH-dependent peroxidase- and catalase-like activities
that convert HyO, to-OH under acidic conditions along with its decomposition to O,
under neutral conditions, thus alleviating tissue hypoxia. The incorporation of O@CF into
the hydrogel not only improves mechanical properties, self-healing capacity, and adhe-
sion, but it also imparts synergistic functionalities, including antibacterial action, biofilm
clearance, hypoxia relief, and intercellular electrical signal conduction. These combined
attributes result in excellent pro-healing effects in a diabetic wound mouse model infected
with methicillin-resistant Staphylococcus aureus (MRSA) (Figure 6) [91]. The photothermal-
responsive CO,@PDA hydrogel is formed by coordinated self-assembly of carboxymethyl
Bletilla striata polysaccharide (CBSP) and bicarbonate-loaded polydopamine nanoparticles
(CO,@PDA NPs) with Fe3* into a three-dimensional network. Upon 808 nm near-infrared
light irradiation, the CO,@PDA NPs generate heat to induce decomposition of HCO3~
and release of CO,. This process alleviates tissue hypoxia via the Bohr effect and promotes
angiogenesis. Concurrently, CBSP has antioxidant and anti-inflammatory activities, with
the action of Fe>* and the photothermal effect delivering potent antibacterial effects. Con-
sequently, this hydrogel has demonstrated efficacy in accelerating the closure of infected
wounds in a diabetic rat model [69].
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Figure 6. Accelerated healing of diabetic wounds by Fe3* via synergistic interactions [91].

In addition to the use of simple Fe3* ions, other iron-based nanomaterials have also
been widely applied for diabetic wound treatment. For instance, a multifunctional hydrogel
(GMO@GF) was developed using Gastrodia elata polysaccharide (GEP), gelatin methacrylate
(GM), and glycyrrhizic acid-iron (GF) nanoparticles. This hydrogel was constructed using
a triple-cross-linked structure formed with dynamic Schiff base bonds between oxidized
GEP aldehyde groups and GM amino groups, combined with a photo-crosslinked GM
network and hydrogen bonding mediated by GF nanoparticles. This integrated design has
significantly enhanced mechanical properties, swelling rate, and sustained release capa-
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bility. In vitro experiments have demonstrated that GMO@GF hydrogels have excellent
antibacterial and antioxidant activities, good biocompatibility, and the ability to promote
fibroblast and vascular endothelial cell migration. In a diabetic mouse infection model, this
hydrogel has significantly reduced inflammation. Simultaneously, it has enhanced angio-
genesis and collagen deposition, thereby accelerated wound healing and achieving nearly
complete re-epithelialization and tissue repair within 14 days [92]. In in vitro experiments,
a thermosensitive hydrogel system (PB NPs@PLEL) based on Prussian blue nanoparticles
(PB NPs) has utilized the multi-enzyme mimetic activity of PB NPs to effectively clear
ROS and protected keratinocytes, umbilical vein endothelial cells, and fibroblasts from
oxidative stress damage, and enhanced mitochondrial functionality. Embedding these
nanoparticles into a thermosensitive hydrogel has enabled sustained release of PB NPs
and adaptation to different shapes (Figure 7) [93]. Similarly, the PB@GelMA hydrogel has
enhanced organic-inorganic interface stability through a pre-coupling strategy that has
retained the multi-enzyme activities of PB NPs when combined with far-infrared radiation
(~8 um) emitted by graphene devices. The local temperature rise not only has provided
thermal therapeutic effects but has also significantly enhanced ROS scavenging. This
combined strategy has promoted diabetic wound healing [94]. Furthermore, an enzyme-
crosslinked gelatin-polylysine hydrogel microneedle patch (Gel/PL@Fe*TA), cross-linked
by transglutaminase (TGase) catalyzing the reaction between gelatin glutamine residues
and polylysine amino groups, has formed a three-dimensional network with adjustable
mechanical properties and porosity and has introduced iron-tannic acid nanoparticles
(Fe**TA) to impart photothermal responsiveness. Under physiological conditions, this
system enzymatically generates ammonia that is metabolized in vivo to NO to promote
angiogenesis. This approach has been combined with the endogenous antibacterial abil-
ity of polylysine and the photothermal effect of Fe>*TA under 808 nm laser irradiation
to achieve synergistic bactericidal action against E. coli and S. aureus. This microneedle
patch has significantly accelerated diabetic wound healing, reduced inflammatory factor
(TNF-a, IL-6) expression, promote collagen deposition and CD31-positive angiogenesis,
thus demonstrating good biocompatibility and multiple therapeutic functions [70].
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3.5. Other Metal Composite Hydrogels

Aside from the use of metals discussed above, composite hydrogels based on other el-
ements, such as gold, manganese, magnesium, cerium, and their multi-metal combinations,
has also demonstrated unique potential in diabetic wound therapy. For example, cerium
nanoparticle-based systems have significantly promoted diabetic wound healing through
efficient dual antioxidant and anti-inflammatory functions (Figure 8) [95-97]. Furthermore,
multi-metal synergistic strategies have leveraged complementary interactions between
different metal-based materials to achieve enhanced performance in antibacterial activity,
anti-inflammation, angiogenesis, and re-epithelialization, thereby overcoming the func-
tional limitations of single-metal systems. These hydrogels are typically fabricated by using
multi-component coordination, ion co-doping, or core-shell structural design, to enable
stable loading and controlled release of metal components. This approach has provided a
critical foundation for the precise and personalized treatment of diabetic wounds.
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Figure 8. Antioxidant cerium-based composite hydrogels accelerate diabetic wound healing [97].

Several innovative designs have been shown to enhance the clinical use of potential
hydrogels. Multiple metal composite hydrogels have demonstrated outstanding perfor-
mances in improving the hypoxic microenvironment in diabetic wounds. For example,
calcium peroxide nanoparticles have been incorporated to release oxygen and alleviate
hypoxia [98]. Metal-based hydrogels that integrate MnO, nanoparticles, have effectively
catalyzed the conversion of endogenous HyO, to O, at wound sites, thereby improving
tissue oxygenation. A multifunctional composite hydrogel (SA@ MnO,/RHC/MSCs),
composed of MnO, nanoparticles, recombinant human collagen III (RHC), and bone
marrow mesenchymal stem cells (MSCs), has been shown to exhibit superior efficacy in
re-epithelialization, collagen deposition, and angiogenesis by synergistic oxygen generation
and stem cell-mediated repair [99]. The catalytic activity of MnO, can be further enhanced
with MnO,-Au nanoflowers [100]. Moreover, a graphene oxide-based hydrogel loaded
with silver-platinum nanoparticles (GO@Ag-Pt) has shown simultaneous ROS scavenging,
O, generation, and broad-spectrum antibacterial activity [101]. Notably, a pH-responsive
multi-enzyme active nanocomposite hydrogel (Mo,Fe/Cu,l-Ag@GOx) has exhibited multi-
ple enzyme-like activities that have enabled glucose-triggered cascade reactions to generate
ROS under acidic conditions and supply O, under alkaline conditions on-demand [102].

Meanwhile, the ROS-responsive hydrogel MSL@Z/G has been constructed by en-
capsulating ZIF-90 nanoparticles loaded with metformin, strontium ions, and L-Arg into
methacrylated gelatin, which has promoted the survival of diabetic multi-territory per-
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forator flaps [103]. Using hollow Cu,S nanocubes as a template, an intelligent hydrogel
(CuS@FePPOPpm @GOx@Gel) has been constructed via in situ growth of FePPOPpm
and loaded GOx that have enabled release of nanocomposites under acidic pH condi-
tions in infected microenvironments to kill bacteria [104]. A glucose-activated nanozyme
hydrogel (Cu-TCPP(Fe)@Au@BSA) has utilized a two-dimensional metal-organic frame-
work loaded with gold nanoparticles, thus forming a dual-active system with GOx and
peroxidaselike-like activities to efficiently sterilize and promote healing in high-glucose
microenvironments [105]. A pomegranate structure-inspired gold/silver nanodot com-
posite dressing (Au/AgNDs@Gel) has combined fluorescent monitoring, photothermal
antibacterial effects, and wound healing [106]. These responsive hydrogels have collec-
tively demonstrated significant potential in advancing personalized treatment strategies
for healing diabetic wounds, thus offering a promising direction for clinical use.

In brief, metal composite hydrogels have demonstrated significant potential for multi-
mechanistic regulation and personalized application in diabetic wound therapy. Their core
advantages include: (1) Multifunctional integration capable of simultaneously conferring
antibacterial, anti-inflammatory, antioxidant, pro-angiogenic, and immunomodulatory
properties, while improving hypoxic microenvironments; (2) Environmental responsiveness
that intelligently respond to changes in wound microenvironmental pH, temperature,
glucose, or ROS levels to achieve on-demand drug release to enhance treatment outcome
and minimize side effects [107]; (3) Biocompatibility and processability in many systems
have been based on the use of natural polymers (e.g., gelatin, sodium alginate, chitosan)
that have injectable/self-healing properties to facilitate adaptation to irregular wounds and
reduce replacement-related damage [108-110].

Nevertheless, the choice of metal critically influences both therapeutic outcome and
biosafety. For example, Ag NPs, while potent antibacterial agents, can be cytotoxic when
over-accumulated. Essential trace elements Zn and Cu ions (unlike silver) have been
shown to boast biocompatibility and promote healing though their antimicrobial activities.
Fe-based systems, useful for their enzyme-mimicking antioxidant activities, can promote
oxidative stress via Fenton reactions. Hence, adopting a balanced approach to metal
selection and precise control over its release are crucial for harmonizing efficacy and safety.

In addition to the critical choice of metal, the clinical translation of metal composite
hydrogels has been hindered by four major challenges: (1) Long-term safety verification:
the prolonged retention in vivo of metal nanoparticles (e.g., Ag, CeO,, Fe304) poses tox-
icity risks due to unclear metabolic pathways and immunogenicity concerns, including
local/systemic toxicity from metal ion leaching and nanoparticle accumulation; (2) Prepa-
ration complexity and scalability: multi-component nano-composite synthesis involves
cumbersome steps (e.g., multi-step coordination, core-shell assembly) with batch-to-batch
variability. Scalable production requires optimized quality control protocols to ensure
reproducibility and clinical-grade consistency; (3) Efficacy evaluation gaps: current studies
predominantly use small animal models, lacking large animal experiments and inves-
tigations into chronic disease complexity (e.g., comorbidities, heterogeneous wounds).
Clinical-grade validation will require phase I/1I trials to confirm safety and efficacy in
humans; (4) Cost and stability constraints: precious metal-based systems (e.g., Au, Pt) incur
high costs, while nanozyme activities be unstable in complex physiological environments.
Stability enhancement via surface modification (e.g., polymer coating) and cost reduction
through biocompatible alternatives (e.g., Fe-based nanozymes) are critical research di-
rections. Among these, the most critical aspect of clinical translation has been to ensure
biological safety.
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4. Biosafety Evaluation

The safety of wound treatment materials has been a central concern that must be
addressed prior to entry into a clinical setting. Metal composite hydrogels, which consist
of synthetic/natural polymer matrices and metal-based components, possess complex
chemical compositions and structures. This complexity necessitates establishment of a
systematic and comprehensive biosafety evaluation system. Such assessments must not
only adhere to international standards, but also to fully considering the unique pathological
environment of diabetic wounds. Currently, biosafety evaluations are primarily divided
into in vitro and in vivo studies that together provide scientific evidence for material safety.

4.1. In Vitro Evaluation Methods

In vitro methods have been characterized by high throughput, low cost, and excellent
controllability, making them the primary screening tools for biosafety assessment. For metal
composite hydrogels, key in vitro evaluations encompass cytotoxicity, hemocompatibility,
and effects on specific cellular functions.

Cytotoxicity is a fundamental indicator of biomaterial safety. Cell lines like mouse
fibroblasts (NIH 3T3) and human dermal fibroblasts are commonly employed. Cell viability
and proliferation are assessed using assays such as the Cell Counting Kit-8 (CCK-8) and
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay, with a
relative proliferation rate > 90% that are generally considered non-cytotoxic [111,112].
Hemocompatibility, crucial for hydrogel dressings in direct contact with blood, primarily
includes hemolysis and coagulation assays [113,114]. An ideal wound dressing should
prevent hemolysis and support rapid hemostasis at the wound site. Aside from cell viability
and hemocompatibility, it is essential to evaluate effects of these hydrogels on specific
cellular functions that are critical to wound healing, such as cell migration, proliferation,
and differentiation [115].

4.2. In Vivo Evaluation Methods

In vivo evaluation has provided indispensable and holistic safety information for metal
composite hydrogels within a functioning biological system. This has made it a cornerstone
to preclinical development. Its scope for diabetic wound dressings encompasses local tissue
response, systemic toxicity, and the long-term fate of the materials.

The local oxidative stress and chronic inflammation in diabetic wounds can alter
material safety, making assessments in diabetic animal models more predictive. For in-
stance, researchers have employed streptozotocin-induced diabetic mouse models with
full-thick skin injuries to evaluate hydrogels. Histopathological analyses in such models
have provided insight into long-term tissue effects, offering a more clinically relevant
safety profile [116]. Assessment of wound healing is another vital in vivo safety metric
that extends beyond merely tracking wound closure rates to include evaluating epidermal
thickness, collagen deposition, angiogenesis, and inflammatory responses [117]. Systemic
toxicity assessment has focused on potential adverse effects when material components
enter the systemic circulation. For metal composite hydrogels, it is essential to investigate
whether released metal ions accumulate in various organs (e.g., liver, spleen, kidneys)
and cause toxic damage [118]. Finally, long-term biodistribution and metabolic studies
have tracked the fate of these materials in vivo, particularly metabolic pathways, levels
of accumulation, and clearance of metal nanoparticles, all of which are fundamental for
determining long-term safety [119].
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5. Conclusions, Challenges, and Prospects

Metal composite hydrogels, as a class of emerging multifunctional biomaterials, have
shown significant potential for clinical translation for diabetic chronic wound therapy. This
article has systematically reviewed various construction strategies, functional mechanisms
of action, and preclinical research progress of widely studied metal composite hydrogels.
By integrating the multiple biological effects of metal components (antibacterial, anti-
inflammatory, antioxidant, immunomodulatory, pro-angiogenic) with the maintenance of a
moist environment and controlled release characteristics of hydrogels, these systems have
been shown to achieve intervention and synergistic therapy for the complex microenvi-
ronment within diabetic wounds (e.g., hyperglycemia, hypoxia, oxidative stress, microbial
infection). In particular, the employment of multi-metal strategies and intelligent respon-
sive designs (e.g., ROS, pH, glucose sensitivity) have further enhanced the comprehensive
performance of these materials, thereby providing innovative ideas for multi-dimensional
therapy of diabetic wounds.

Future research is required to prioritize several key directions for clinical translation
of metal composite hydrogels. This includes long-term safety concerns due to prolonged
in vivo retention, manufacturing complexities that hinder scalability, a lack of robust
efficacy in relevant animal models, and constraints regarding cost and stability. In this
regard, the primary focus should be to optimize preparation processes and establish
standards. This involves the development of advanced manufacturing technologies, such
as green synthesis, microfluidics, and 3D printing, to enable large-scale, standardized
production, which is key to achieving superior batch-to-batch consistency and stability.
Exploring low-cost alternatives, such as biodegradable metal alloys, is also crucial for
reducing clinical application costs.

Regarding intelligent responsiveness and personalized treatments, next-generation
metal-hydrogel systems should be engineered to adapt to the heterogeneity of diabetic
wounds. This heterogeneity encompasses variations in infection severity, tissue vascu-
larization, and individual metabolic profiles. Ideally, these systems require multi-stimuli
responsiveness (e.g., to temperature, enzymes, or electrical signals) and dynamic regulation
to achieve precise, personalized treatment. Furthermore, their integration with cutting-edge
technologies, like gene editing and cell therapy, could enable the creation of synergistic
“material-cell-drug” platforms.

However, significant challenges remain with in vivo studies, particularly concerning
safety and metabolic mechanisms of action. Comprehensive studies on in vivo metabolic
kinetics, biodistribution, and long-term toxicity of metal ions and nanomaterials are es-
sential. Establishing robust toxicity evaluation approaches that are based on multi-omics
approaches (e.g., metabolomics, proteomics) and organoid models (e.g., organs-on-a-chip)
will help to clarify safe dosing and exposure risks. Furthermore, large animal models and
preclinical research are indispensable. Diabetic wound models in large animals (e.g., pigs,
dogs) are needed to validate the efficacy and safety of these materials in large-volume
wounds, complex anatomical sites, and extended treatment periods. Multi-center preclini-
cal studies, combined with real-world data, will be critical for evaluating the performance
and applicability of hydrogels in clinically relevant environments.

In summary, metal composite hydrogels offer a highly promising strategy for treating
chronic diabetic wounds; however, their successful clinical translation relies on interdisci-
plinary use of materials science, biomedicine, clinical medicine, and other fields. Through
systematic and in-depth basic research, process optimization, and clinical validation, these
biomaterials can ultimately make the leap from laboratory to clinic, bringing safer, more
effective, and accessible treatment options for diabetic wound patients.
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