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Abstract

Diabetes impairs multiple stages of the wound-healing process, resulting in chronic,
infection-prone wounds that pose a substantial clinical burden. Despite available thera-
peutic options, effective management remains challenging owing to inadequate treatment
efficacy, increasing antimicrobial resistance, and potential adverse side effects. Diabetic
wounds exhibit a complex pathological microenvironment characterized by persistent bac-
terial colonization, hyperglycemia, tissue hypoxia, chronic inflammation, excessive matrix
metalloproteinase activity, oxidative stress, and pH dysregulation. Nonetheless, traditional
treatment strategies continue to rely largely on passive protection, inadequately addressing
the underlying biological mechanisms responsible for impaired healing. Chitosan (CS),
a naturally occurring cationic polysaccharide with high biocompatibility, antimicrobial
activity, hemostatic properties, and a chemically tuneable structure, represents an attractive
platform for advanced wound dressings. This review explores the potential of engineered
chitosan-based systems for diabetic wound management through the strategic integration
of therapeutic ions (Cu2+, Zn2+, Mg2+, Ag+, Mn2+), mesoporous silica nanocarriers, and
superparamagnetic iron oxide nanoparticles (SPIONs). Unlike previous reviews that have
primarily examined these components individually, the present work provides the first
comprehensive analysis of their integration within a single multifunctional chitosan-based
platform. By systematically evaluating their complementary therapeutic and diagnostic
functions, including antimicrobial activity, angiogenic stimulation, oxidative stress modula-
tion, controlled therapeutic delivery, and magnetic field-responsive behavior, this review
establishes a unified design framework for the development of next-generation chronic
wound dressings. Furthermore, it identifies potential synergistic interactions, key transla-
tional challenges, and future research directions required for the development of clinically
relevant smart systems. Collectively, this integrated strategy offers a promising approach
to overcoming the complex biological barriers that hinder diabetic wound healing.

Keywords: diabetic wounds; mesoporous silica; multifunctional chitosan-based systems;
next-generation platforms with therapeutic and diagnostic capabilities; SPIONs; therapeutic
ions
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1. Introduction
Diabetes is one of the most prevalent chronic diseases worldwide, affecting approxi-

mately one in nine adults. According to the International Diabetes Federation (IDF), the
global prevalence of diabetes reached 11.1% in 2024, corresponding to nearly 589 million
adults aged between 20 and 79 years. This number is projected to increase to 853 million by
2050, driven by factors such as urbanization, sedentary lifestyles, rising rates of overweight
and obesity, and population ageing [1]. Diabetes is a widespread metabolic disorder charac-
terized by chronic hyperglycemia resulting from impaired insulin secretion, insulin action,
or both. Sustained elevated glucose levels contribute to dysfunction of multiple organs and
systems, including the peripheral nerves, retina, kidneys, cardiovascular system, and blood
vessels [2]. Among its most debilitating complications is diabetic peripheral neuropathy,
which impairs sensory perception, compromises protective responses to injury, and sig-
nificantly contributes to the onset and persistence of diabetic wounds [3]. Wound healing
in diabetic patients is further hindered by complex pathological conditions, accompanied
by a range of symptoms resulting from hyperglycemia. Consequently, diabetic wounds
often fail to progress through the normal healing cascade, leading to chronic non-healing
wounds, tissue necrosis, and severe infections that substantially increase the risk of ampu-
tation and mortality. Beyond their clinical impact, diabetic wounds impose a considerable
socioeconomic burden on patients and healthcare systems worldwide, representing a major
public health challenge [4].

1.1. Wound Healing Process

From a pathophysiological perspective, wound healing is a meticulous process consist-
ing of four sequential stages: hemostasis, inflammation, proliferation and remodeling [5].
Hemostasis involves rapid clot formation to prevent blood loss [6], followed by an inflam-
matory response that recruits immune cells and releases cytokines and growth factors
essential for tissue repair [7]. During the proliferative phase, fibroblast proliferation, an-
giogenesis, granulation tissue formation, and extracellular matrix deposition contribute to
wound closure, whereas the remodeling phase involves collagen maturation and tissue reor-
ganization to restore structural [8,9]. When the normal wound healing process is disrupted,
wound closure is delayed, potentially leading to chronic wounds. The prolonged healing
time of diabetic wounds, often extending over several months to years and sometimes not
healing fully due to complex microenvironment. In diabetes, wound healing is profoundly
impaired by a complex pathological microenvironment characterized by persistent hyper-
glycemia, chronic inflammation, oxidative stress, tissue hypoxia, impaired angiogenesis,
neuropathy, and bacterial colonization [10]. Hyperglycemia promotes the formation of ad-
vanced glycation end products (AGEs), which alter cellular signaling, impair fibroblast and
keratinocyte function, and reduce collagen synthesis. Simultaneously, excessive reactive
oxygen species (ROS) production exacerbates oxidative stress, resulting in cellular damage
and prolonged inflammation [11]. Furthermore, vascular dysfunction and hemoglobin gly-
cation compromise oxygen delivery to injured tissues, creating a hypoxic environment that
impairs cell proliferation, angiogenesis, and granulation tissue formation. Diabetic wounds
typically exhibit sustained infiltration of neutrophils and pro-inflammatory macrophages,
leading to elevated levels of inflammatory cytokines and proteases, particularly matrix
metalloproteinases (MMPs), which accelerate extracellular matrix (ECM) degradation and
hinder tissue regeneration. The expression and activity of key growth factors involved
in tissue repair, including VEGF, PDGF, TGF-β, FGF, EGF, and IGF-1, are also markedly
reduced, further delaying wound closure [12]. In addition, diabetic neuropathy diminishes
protective sensation and alters neurogenic signaling, increasing susceptibility to repeated
injury and infection. These interconnected abnormalities establish a self-perpetuating cycle
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of inflammation, tissue destruction, and impaired regeneration, making diabetic wounds
particularly difficult to heal and highly prone to recurrence [13]. Multiple factors contribute
to impaired wound healing in diabetes, as summarized in Figure 1. Consequently, the
development of more effective therapeutic strategies for diabetic wound management has
become a major challenge for both the medical and scientific communities, highlighting
the urgent need for advanced biomaterials capable of addressing the complex pathological
environment associated with chronic diabetic wounds [14].

 

Figure 1. Factors affecting wound healing in diabetes.

1.2. Strategies to Treat Diabetic Wound Healing

Conventional therapeutic approaches for diabetic wound management often suffer
from limitations such as poor retention at the wound site, limited tissue penetration, pro-
longed healing times, and insufficient support for tissue regeneration. Current clinical
interventions, including wound dressings, debridement, off-loading, revascularization
procedures, antibiotic therapy, and negative-pressure wound therapy, remain widely used
but are frequently associated with high treatment costs and variable clinical outcomes,
particularly in chronic and complex wounds [15]. Table 1 summarizes the conventional ther-
apies currently used for diabetic wound healing. Notably, pivotal clinical trials evaluating
novel therapies approved by the U.S. Food and Drug Administration (FDA) have reported
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healing rates of only 20–50% after 12 weeks. To address the multifactorial nature of diabetic
wound healing impairment, a wide range of therapeutic strategies has been developed [16].
Nevertheless, traditional wound dressings provide limited biochemical stimulation and are
generally unable to achieve precise and sustained delivery of therapeutic agents, reducing
their regenerative potential [17]. Consequently, advanced biomaterials have gained con-
siderable attention as multifunctional delivery platforms capable of transporting bioactive
molecules, such as genes, peptides, proteins, mRNA, and growth factors, directly to the
wound site, thereby promoting tissue regeneration and improving therapeutic efficacy [18].

Table 1. Conventional treatment used for diabetic wound healing: mechanisms, examples, advan-
tages, and limitations.

Therapies Description Example Advantages Limitations Ref

Wound debridement
Removal of necrotic or
infected tissue from the

diabetic wound

Surgical, enzymatic,
mechanical and

ultrasound
debridement

Accelerate granulation
and reduces risk of

infection

Painful may require
anesthesia, high risk of
bleeding and repeated

sessions required

[19]

Off-loading pressure Reduce pressure on the
diabetic wound site

Specialized diabetic
footwear, crutches

Promotes diabetic
wound healing

Expensive, poor
compliance, may require

lifestyle changes
[20]

Negative pressure
wound therapy

(NPWT)

Application of suction to
remove exudate

Vacuum-assisted
closure devices

Promotes wound
healing and reduces

bacterial burden

High-cost and require
specialized equipment [21]

Hyperbaric oxygen
therapy chamber

Breathing pure oxygen
under high pressure to

increase oxygen delivery
to wound site

Oxygen therapy
chamber

Increases oxygen
delivery, useful in
hypoxic wounds

Expensive,
time-consuming, risk of
oxygen toxicity and the

possibility of
lung collapse

[22]

Platelet-rich plasma
therapy

Injections or gels of
platelet-rich plasma

Platelet-rich plasma
(PRP) gels

Enhance tissue repair
and reduce

inflammation
Require multiple sessions [23]

Stem cell therapy Injection of stem cells into
the wound

Bone marrow MSCs
and adipose-derived

stem cells
Stimulate tissue growth

Ethical concerns,
expensive and require

multiple sessions
[24]

Antibiotics

Prescription of antibiotics
to reduce bacterial

contamination on wound
surface

Clindamycin,
sulfamethoxazole and

trimethoprim
Prevents infection Antibiotic resistance,

allergic reactions [25]

Wound dressings
Maintain a moist
environment and
promote healing

Hydrogel, hydrocolloid
dressings and gauze

Protect wounds, absorb
exudate, prevent

infection and promote
healing

May require frequent
changes and monitoring [26,27]

Management of diabetic wound complications requires a personalized approach based
on the patient’s clinical condition and wound severity. Accordingly, treatment strategies
are typically tailored following a comprehensive clinical evaluation [28]. However, the mul-
tifactorial pathophysiology of diabetic wounds, characterized by persistent inflammation,
oxidative stress, infection, and impaired tissue regeneration, together with the limitations
of current therapies, underscores the need for multifunctional wound dressings capable of
actively modulating the wound microenvironment [29]. These challenges have stimulated
the development of advanced therapeutic platforms that extend beyond passive wound
protection to promote targeted and sustained tissue repair.

2. Emerging Multifunctional Platforms for Diabetic Wound Healing
Wound dressings play a crucial role in tissue repair by maintaining a favorable mi-

croenvironment that supports the healing process [30]. An ideal wound dressing should
combine biocompatibility, biodegradability, anti-inflammatory and antimicrobial proper-
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ties, effective exudate management, moisture retention, and the ability to prevent secondary
infections while promoting angiogenesis and tissue regeneration [31]. These systems can
be fabricated from natural, modified, or synthetic polymers, either individually or in com-
bination. Among them, biopolymers have attracted considerable attention owing to their
high-water retention capacity, high biocompatibility, and ability to mimic the extracellular
matrix (ECM), thereby providing a supportive environment for tissue regeneration and
wound healing [32]. Polysaccharides are among the most abundant naturally occurring
biopolymers and are composed of either homogeneous or heterogeneous assemblies of
monosaccharide units. Variations in monosaccharide composition, glycosidic linkages,
and macromolecular architecture confer a wide range of physicochemical and mechanical
properties, including biodegradability, hydrophilicity, and structural versatility. These
characteristics have enabled their extensive use in tissue engineering, drug delivery, and
wound-healing applications [33]. Furthermore, the abundance of reactive functional groups
facilitates chemical modification and the incorporation of therapeutic or stimuli-responsive
moieties, expanding their functional potential in biomedical applications [34]. Polysac-
charides can be obtained from plants, animals, microorganisms, and marine sources, with
alginate, cellulose, chitosan, carrageenan, dextran, and hyaluronic acid representing some
of the most widely investigated examples [35]. Despite the considerable potential of
polysaccharide-based dressings, the complex and multifactorial pathophysiology of dia-
betic wounds demands therapeutic solutions that extend beyond passive wound coverage.
Among these materials, chitosan has emerged as one of the most promising candidates for
next-generation wound care owing to its intrinsic biocompatibility, biodegradability, hemo-
static activity, and tunable chemical structure. These properties enable the development of
multifunctional platforms capable of actively modulating the wound microenvironment
and supporting multiple stages of the healing process [36]. Importantly, the strategic in-
corporation of therapeutic ions (such as Cu2+, Zn2+, Mg2+, and Ag+), mesoporous silica
materials, and superparamagnetic iron oxide nanoparticles (SPIONs) within chitosan-based
matrices introduces a new paradigm in wound dressing design. Therapeutic ions contribute
antimicrobial, pro-angiogenic, and immunomodulatory functions [37], while mesoporous
silica materials provide high surface area and tunable porosity for the efficient loading
and sustained delivery of bioactive agents [38]. In parallel, SPIONs enable magnetically
responsive functionalities, including targeted therapy, hyperthermia-mediated antibacterial
effects, and diagnostic imaging capabilities [39]. The synergistic combination of these
components with chitosan creates multifunctional platforms capable of simultaneously
addressing infection, impaired vascularization, oxidative stress, and deficient tissue regener-
ation, thereby advancing wound care from passive coverage toward intelligent, responsive,
and therapeutic systems with diagnosis functionalities for diabetic wound management.

The following sections systematically examine the potential of these components for
diabetic wound-healing applications. Furthermore, this review emphasizes their synergistic
integration within a single multifunctional platform. In particular, Section 7 consolidates
current evidence by analysing representative studies conducted by Vargas-Osorio, et al.,
which report multifunctional systems with structural and compositional features analogous
to those proposed herein. These investigations provide valuable insights into the interac-
tions among the different components and establish a strong scientific rationale supporting
the feasibility and potential therapeutic benefits of the proposed platform.

Figure 2 illustrates the synergistic integration of therapeutic ions, mesoporous silica
materials, and SPIONs (magnetite nanoparticles) within a chitosan-based dressing. In
this engineered platform, each component contributes distinct therapeutic and diagnostic
functionalities while acting co-operatively to enhance the overall performance of the system.
The chitosan matrix serves as the structural framework, where therapeutic ions are generally

https://doi.org/10.3390/md24100347

https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 6 of 38

complexed or electrostatically attached to its amino or hydroxyl groups. Mesoporous
silica materials are embedded within the polymer network, providing high-surface-area
reservoirs for the loading and delivery of therapeutic agents. SPIONs may be directly
dispersed throughout the matrix or immobilized onto mesoporous silica carriers prior to
incorporation. The underlying architecture, its inherent design flexibility, and the specific
rationale for combining these four components collectively underpin the multifunctional
wound dressing concept presented in this review.

 
Figure 2. Next generation multifunctional systems with therapeutic and diagnostic capabilities for
diabetic wound healing. Parts of this figure were created with the assistance of artificial intelligence
(AI) tools and were subsequently reviewed and edited by the authors.
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3. Chitosan—A Versatile Biopolymer in Biomedical Application
Chitosan, a naturally sourced polysaccharide, stands out among the various biomate-

rials investigated for wound dressing [40]. It is recognized as the second most abundant
polysaccharide on Earth and is found in nature as structured microfibrils within the ex-
oskeleton of mollusks and crustaceans, as well as in the fungi and insect cuticles [41].
Chitosan is a linear polysaccharide obtained from chitin through deacetylation, consist-
ing of repeating β-(1-4)-linked N-acetyl-glucosamine units. The degree of deacetylation
(DD) plays a crucial role in determining the balance between free amino groups (-NH2)
and acetylated groups (-OAc), which directly impacts its properties [42]. This distinctive
structure imparts several significant biological and physicochemical properties. The amino
and hydroxyl functional groups facilitate strong hydrogen bonding, which is vital for water
solubility and gel-formation. These groups also promote bioadhesion, enabling effective
interactions with biological surfaces [43]. Additionally, amino groups serve as nucleophiles,
allowing the binding of negatively charged molecules, such as growth factors or therapeutic
agents, making chitosan suitable for controlled drug delivery applications. Conversely, chi-
tosan with a higher crystallinity exhibits greater rigidity and mechanical strength, making
it particularly advantageous for tissue engineering applications. In addition, the molecular
weight and degree of polymerization of chitosan significantly influence its mechanical prop-
erties, biodegradability and bioavailability. Lower-molecular-weight chitosan generally
exhibits enhanced water solubility and bioavailability, whereas higher-molecular-weight
chitosan provides greater gel strength, viscoelasticity, and structural stability [44].

Versatility of Chitosan for Its Use in Diabetic Wound Healing

The structural unit of chitosan contains numerous functional groups, including amino
group, acetylamino, and primary hydroxyl groups, which considerably facilitates its chemi-
cal modification to produce various derivatives with distinct application properties. Chi-
tosan is characterized by its antioxidant properties [45], low-toxicity, biocompatibility,
antibacterial activity [46], biodegradability [47], and hemostasis abilities [48], all of which
contribute positively to wound healing [49]. Its chemical structure can be adjusted to
endow it with stimuli-responsive, injectable, and self-healing capabilities, thus addressing
the limitations of traditional dressings that serve only a single function at a specific wound
healing stage. This opens new avenues for the development of multifunctional dressings for
diabetic wound treatment [50]. These advancements aim to improve delivery at the wound
site, promote tissue regeneration, and dynamically adapt to local wound environments.
Beyond its native form, chitosan can be chemically modified to obtain a wide range of
derivatives, including carboxymethyl [51], phosphorylated [52], glycol [53], thiolated [54]
and trimethyl chitosan [55]. The free amino group in the glucosamine unit of chitosan
is typically targeted for chemical modification [56]. The versatility of chitosan is further
evidenced by its compatibility with a variety of crosslinking strategies, including the use of
1,4-butanediol diglycidyl ether (BDDE), a crosslinking agent approved by FDA for appli-
cations involving hyaluronic acid. The incorporation of BDDE can significantly enhance
the mechanical stability, structural integrity, and degradation resistance of chitosan-based
fibrous systems, thereby extending their functional lifespan under physiological conditions
and broadening their applicability in regenerative medicine and wound-healing applica-
tions [57]. Furthermore, chitosan can be combined with various polymers—particularly
those with negative charges—to enhance its electrostatic properties, and modified through
complexation strategies to incorporate a wide range of therapeutic ions. These modifi-
cations also improve its solubility at physiological pH, stability, and mucoadhesion, in
addition to expanding its antimicrobial and tissue-regenerative functionalities [58–60].
Its inherent adaptability, along with its low immunogenicity, establishes chitosan as a
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leading platform capable of addressing a broad spectrum of medical challenges. Recent
advances in biomaterials research have further highlighted its potential for diabetic wound
management by enabling the development of multifunctional systems that simultane-
ously promote tissue repair, control infection, maintain a favorable wound environment,
and modulate chronic inflammation. Consequently, chitosan-based materials represent a
promising therapeutic strategy for chronic diabetic wounds, as summarized in Table 2.

Table 2. Summary of various chitosan-based platforms used for the treatment of diabetic wound
healing.

Chitosan-Based Platform Composition/
Functionalization Bioactive Agent Major Outcomes Reported Ref

Thermo-sensitive
composite hydrogel

Chitosan and poloxamer
(P407/P188) Berberine and resveratrol

No hepato/nephrotoxicity, enhanced
collagen deposition and regulating

inflammatory factors. Exhibited
more inhibitory effects on

gram-positive bacteria than
gram-negative bacteria

[61]

Injectable hydrogel

Carboxymethyl chitosan
modified via methacrylic

anhydride and
phenylboronic acid

Quercetin and copper
self-assembled
nanoparticles

Suitable for irregular anatomical
wound shapes, exhibits photo- ROS-
and glucose responsivity. Promotes

angiogenesis and regulating
immunomodulatory

[62]

Microneedle patch

Ternary polymerizable deep
eutectic solvent (PDES) system

with a recyclable eutectogel
backing layer and

chitosan-based
glucose-responsive

nanoparticles

Insulin ad curcumin

Facilitated glucose-responsive
insulin release, reducing blood
glucose to 18.7% of initial level

within 3 h. Acceleration healing with
reduced inflammation and achieved

68.08% wound closure by day 10.

[63]

Glucose-responsive
hydrogel

Phenylboronic acid
functionalized chitosan and

dopamine grafted gelatin

Dihydromyricetin and
copper nanoparticles

Provides anti-inflammatory effects
and antibacterial action against S.

aureus. Significantly heal wound in
14 days.

[64]

pH-sensitive hydrogel
Carboxymethyl chitosan,
oligoprocyanidins and

oxide dextran
Deferoxamine

pH -triggered drug release and
antioxidant. Up-regulating

anti-inflammatory factors (IL-4 and
IL-10) and promotes

angiogenesis-related factors (HIF-1α,
VEGF, CD31)

[65]

Biomimetic composite
scaffold

Chitosan, oxidized
isabgol (Oisab) L- Arginine

Epithelialization—21.67 ± 1.6 days
which was faster than control.
Reduced CD68 + macrophages

confirming early inflammation and
robust angiogenesis. Improved

collagen deposition and promoting
neovascularization

[66]

Hydrogel dressing
Catechol-functionalized

methacryloyl chitosan (CFMC) +
polyacrylic acid

Vanillin and Silver
nanoparticles (AgNPs)

Bacterial inhibition >89% against S.
aureus and >90% against E. coli,

significant ROS reduction, >95%
infected wound closed by day 14,

biodegraded in 21 days, no
systematic toxicity

[67]

Electro-spun nanofibers
membrane Polyvinyl alcohol and chitosan

Cerium oxide
nanoparticles (CeNPs) and

mupirocin (MP)

Intracellular ROS reduction, DPPH
scavenging, complete MSSA/MRSA
elimination within 24 h, enhanced

angiogenesis and skin regeneration

[68]
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Table 2. Cont.

Chitosan-Based Platform Composition/
Functionalization Bioactive Agent Major Outcomes Reported Ref

Multicomposite film
Chitosan film integrated with
pH-sensitive purple cabbage

anthocyanins

Copper sulfide
nanoparticles (CuS NPs),

gentamicin (Gent), purple
cabbage anthocyanins

(PCA)

Provides real-time visual infection
monitoring via pH- responsive color

changes. Exhibiting superb
antibacterial properties 95.73%

through synergistic photothermal
therapy and antibiotic release.

[69]

Electrical stimulated
gauze dressing

Chitosan and vaseline/paraffin
oil (2:1)

Endogenous electric field
mimic via HVMPC

No electrical burns with surface
electrode. Accelerated wound
healing from day 3, regulating

growth factors in wound tissue by
day 7 and inhibiting scar formation

[70]

As summarized in Table 2, stimulus-responsive hydrogels represent the majority of
reported chitosan-based platforms, followed by microneedle patches, films, scaffolds, and fi-
brous/gauze systems. Despite significant progress, most reported chitosan-based platforms
comprise only two, and occasionally three, functional components. Furthermore, meaning-
ful comparisons between studies are often precluded by variations in experimental models,
material compositions, and testing conditions, limiting the ability to accurately evaluate
their relative performance and therapeutic benefits. Advances in nanotechnology have
facilitated the incorporation of therapeutic metal ions into chitosan-based formulations,
providing a promising strategy to enhance antibacterial activity, promote angiogenesis,
and support cellular proliferation and differentiation. By leveraging the complementary
properties of chitosan and bioactive metal ions, these multifunctional systems can acceler-
ate tissue regeneration, reduce the risk of infection, and improve overall wound-healing
outcomes [71].

4. Therapeutic Ions for Enhanced Wound Healing in Diabetes
Inorganic components mainly comprise nanoparticles based on therapeutic metals and

metal oxides. In addition, the ability of metal ions to form stable coordination complexes
with drug molecules provides an effective strategy for enhancing binding and sustained
drug release at wound sites, making them highly useful in formulations intended for
diabetic wound healing. The metal ions frequently used for this purpose include copper,
zinc, magnesium, silver and manganese. These therapeutic metal nanoparticles are highly
effective for sterilization, employing mechanisms such as interaction with bacterial cell
walls to cause degradation or inhibiting DNA replications [32]. Among the therapeutic
ions examined in this review, the biologically significant oxidation state is mainly divalent
(2+), such as Cu2+, Zn2+, Mg2+, and Mn2+. Silver is an exception, as its wound-healing
properties are linked to its monovalent Ag+ state. Other oxidation states of these metals
are less common in physiological contexts and are typically linked to different, often
non-therapeutic applications (such as industrial catalysis or redox chemistry) rather than
wound healing.

4.1. Copper

Copper is an essential element for humans and other mammals and plays a signifi-
cant role in numerous essential biological pathways [72]. Copper nanoparticles (CuNPs)
are biocompatible and can be fabricated using environmentally friendly techniques [73].
Both copper ions and CuNPs are redox-active species [74]. Copper is crucial for various
physiological functions, including all four stages of wound healing. Cu2+ can promote
angiogenesis and enhance the expression of skin-related proteins in diabetic wounds. The
proangiogenic properties of copper are attributed to the increased expression and activation
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of angiogenesis related factors, such as VEGF, fibroblast growth factor 1 (FGF1), platelet-
derived growth factor (PDGF), interleukin—8 (IL-8), interleukin—1α (IL-1α) and epidermal
growth factor (EGF) [75]. Under controlled conditions, copper significantly contributes to
healing by enhancing the expression of extracellular matrix molecules, such as fibrinogen,
collagen formation, and integrins, which are the key mediators of cell attachment to the
extracellular matrix [76]. However, CuNPs can accumulate in the body or release excessive
ions, potentially causing long-term toxicity or generating free radicals, leading to lipid
peroxidation and cell death [77]. Controlled Cu2+ ion release can reduce toxicity levels
while enhancing cell migration, angiogenic capabilities, and active wound healing [78].
In diabetic wounds, this multifaceted role of copper in wound healing and tissue repair
highlights its potential therapeutic applications.

4.2. Zinc

Zinc is an essential trace element for human health, contributing to physical develop-
ment and the maintenance of musculoskeletal integrity [79]. As a cofactor for nearly 3000
proteins and enzymes, zinc is crucial for neural function, growth and development, bone
mineralization, immune response and wound healing [80]. Zinc also affects hemostasis
by influencing coagulation factors, platelet aggregation, and interaction with endothe-
lial cells, enhancing clot stability by accelerating clot formation [81]. The antibacterial
properties of zinc oxide nanoparticles may depend on their size, which can affect their
ability to disrupt bacterial cell membrane and induce oxidative stress [82]. Furthermore, its
anti-inflammatory and angiogenic properties have demonstrated significant therapeutic
benefits in wound healing [83]. As a result, Zn2+ can promote self-cleaning and keratinocyte
migration during wound healing, contributing to skin regeneration [84].

4.3. Magnesium

The importance of magnesium in biomedical applications is linked to its essential role
in cellular process and human metabolism [85]. Mg2+ is involved in various physiological
activities, either alone or alongside biomolecules. It serves as an enzyme activator, aiding
processes such as glycolysis, fatty acid oxidation, bone formation, and neuromuscular
excitability [86]. Magnesium ions can influence inflammatory and immune responses, in
addition to controlling various cellular functions, including adhesion and proliferation [87].
Moreover, Mg2+ supports angiogenesis, a vital process in wound healing that restores
oxygen and nutrients to tissues undergoing regeneration [88]. Mg2+ plays a pivotal role in
a range of cellular responses, including cell proliferation, cell cycle, and protein synthesis,
through both direct and indirect mechanisms [89].

4.4. Silver

Silver ions and silver nanoparticles (AgNPs) have attracted considerable attention
across biomedical, engineering, and environmental fields owing to their unique physico-
chemical properties and broad-spectrum antimicrobial activity. They are commonly used
in antibacterial cleaning agents, sterilization, and disinfection detergents for medical de-
vices, as well as drug delivery systems [90]. The exceptional antimicrobial properties
of AgNPs have been extensively validated, with bactericidal activity reported against
over 500 pathogenic microorganisms. This broad-spectrum efficacy, encompassing Gram-
positive, Gram-negative, and drug-resistant pathogens, has positioned AgNPs as one of
the most widely investigated antimicrobial nanomaterials for biomedical applications [91].
AgNPs facilitate the transition from the inflammatory phase to the proliferative phase of
diabetic wounds, thus enhancing their healing process [92]. The antimicrobial and antitu-
moral efficacy of AgNPs is largely associated with their capacity to generate reactive oxygen
species (ROS), resulting in oxidative stress-mediated disruption of cellular respiration and
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damage to essential cellular components. In cancer cells, AgNP-induced ROS accumula-
tion has been reported to trigger cytotoxic responses, including DNA damage, cell-cycle
arrest, inhibition of proliferation, and activation of apoptotic pathways, ultimately leading
to cell death [93]. Despite this pro-oxidant activity towards pathogens and malignant
cells, AgNPs have also demonstrated notable antioxidant capacity in radical-scavenging
assays when compared to the standard use. Furthermore, plant-derived AgNP-containing
wound dressings have demonstrated enhanced regenerative capacity, characterized by in-
creased collagen deposition, accelerated healing, and improved tissue remodeling, thereby
supporting more effective wound repair than conventional approaches [94].

4.5. Manganese

Manganese (Mn) is a vital element involved in numerous biological processes and
serves as a cofactor for enzymes such as arginase, prolidase, and RNA polymerase [95].
Recently, Mn-based nanozymes have attracted considerable attention as catalytic antioxi-
dants capable of mimicking the activities of superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx). Through efficient scavenging of reactive oxygen species
(ROS) and restoration of intracellular redox balance, Mn2+-containing systems mitigate
oxidative stress and suppress excessive inflammatory responses [96]. Manganese ions
have been reported to stimulate keratinocyte and fibroblast growth by promoting integrin
expression during the proliferation phase on in vivo monolayer studies [97]. Mn2+ plays a
multifaceted role in wound repair by facilitating proline synthesis, a key prerequisite for
collagen deposition and extracellular matrix formation. In addition, Mn2+ promotes re-
epithelialization by activating integrin-dependent signaling pathways, thereby enhancing
cell adhesion, migration, and tissue regeneration [98]. Despite its multifunctional biological
activity and promising regenerative potential, manganese remains one of the least investi-
gated therapeutic ions in wound-healing research, and further studies are required to fully
elucidate its mechanisms of action and therapeutic benefits [99].

The therapeutic ions discussed in this review, namely Cu2+, Zn2+, Mg2+, Ag+, and
Mn2+, were chosen because of their recognized importance in biological processes related
to tissue repair and wound healing. While Ag+ is extensively utilized in clinical settings for
infection management, the other ions naturally occur in the human body and are involved
in crucial physiological functions, such as angiogenesis, collagen production, enzyme
regulation, antioxidant protection, and cell proliferation [100]. Moreover, these ions are
cost-effective, easily accessible, and can be seamlessly integrated into biomaterial plat-
forms, making them promising options for creating clinically applicable and economical
wound dressings [101]. Although metals such as gold, selenium, and cobalt have shown
potential therapeutic benefits, their high costs, possible toxicity, limited natural occur-
rence, and reduced translational potential may hinder their widespread use, especially in
resource-constrained environments [102]. Consequently, this review focuses on therapeutic
ions that combine biological relevance with economic feasibility, thereby supporting the
development of cost-effective and accessible strategies for diabetic wound management.

4.6. Synergistic Integration of Multiple Therapeutic Ions Within a Single System

Although copper, zinc, magnesium, silver, and manganese have traditionally been
investigated as individual therapeutic agents, increasing attention has been directed toward
their integration within multifunctional biomaterial platforms to harness potential syner-
gistic effects. In particular, chitosan-based systems are being engineered to accommodate
multiple therapeutic ions within a single matrix, enabling the simultaneous delivery of
complementary biological functions. For instance, copper is frequently combined with zinc
or silver to integrate the pro-angiogenic activity of copper with the potent antibacterial
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properties of zinc or silver [103]. Similarly, magnesium and manganese are typically used
alongside copper or zinc to promote cell growth and provide antioxidant protection with-
out increasing the antimicrobial burden [104]. The incorporation of multiple therapeutic
ions into a single biomaterial platform presents significant opportunities for enhancing
wound-healing outcomes but requires careful optimization to ensure therapeutic efficacy
and biological safety. Excessive ion concentrations may compromise beneficial antimi-
crobial, angiogenic, and regenerative effects by inducing cytotoxicity, oxidative stress, or
impaired tissue repair. Therefore, precise control over ion composition, concentration,
and release behavior is essential for maximizing therapeutic performance [105]. Despite
growing interest in multi-ion-functionalized biomaterials, the mechanisms governing ion-
ion interactions, synergistic and antagonistic effects, and their collective biological impact
remain poorly understood. Further research is needed to establish quantitative design
principles that will guide the development of safe, effective, and clinically translatable
multi-ion wound-healing systems [106].

4.7. Safety Considerations and Limitations Associated with Therapeutic Ions

As summarized in Table 3, the acceptable daily intake (ADI) values established by the
European Food Safety Authority (EFSA) are reported alongside the locally safe topical concen-
trations for each ion. It should be noted that ADI values conventionally refer to systemic oral
exposure, whereas the topical concentrations reported here reflect local, wound-site application;
the two routes differ in absorption kinetics and are not directly interchangeable but are presented
together to provide a broader safety context for both local and potential systemic exposure.
Chronic, high-dose systemic exposure to silver has been associated with argyria, a bluish-gray
skin discoloration resulting from silver deposition in tissues. In contrast, the topical concen-
trations considered herein are localized and administered for limited periods, substantially
reducing the risk of such adverse effects [107]. Likewise, although Cu2+ promotes angiogenesis
and cell proliferation within an appropriate therapeutic window reported in Table 3, excessive or
prolonged copper exposure has been associated with oxidative stress and hepatotoxicity, high-
lighting the importance of controlled and localized dosing strategies in copper-based wound
therapies [74]. In vitro cytotoxicity assessments on human keratinocytes and fibroblasts, the
primary cell types involved in wound re-epithelialization and dermal repair, are essential for
defining ion-specific safety thresholds and should be prioritized in future investigations [108].

Despite their considerable therapeutic potential, ion-releasing biomaterials remain lim-
ited by the need for precise control over ion delivery. Excessive local ion concentrations or
prolonged exposure may compromise biocompatibility and healing outcomes, narrowing
the therapeutic window of metal-based systems [105]. Beyond local biocompatibility, the
long-term systemic fate of metal-ion-based therapies remains an important consideration.
Although localized administration is expected to minimize systemic exposure, released
metal ions or metal-containing nanomaterials may migrate from the treatment site, enter
systemic circulation, and accumulate in secondary organs. Particular attention should be
paid to the liver, spleen, kidneys, and brain because of their roles in metal uptake, clearance,
and homeostasis [109]. Therefore, the absence of local toxicity does not necessarily guar-
antee long-term systemic safety. Comprehensive safety assessments should include not
only histological evaluation of the treated tissue but also metal biodistribution, metabolic
clearance, biochemical markers, urinary excretion, and long-term retention profiles of
residual metal species [110].
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Table 3. A comparative table of therapeutic ion properties: concentration, main function, biocompatibility, antibacterial mechanism and acceptable daily intake
(ADI) levels. * Safe dose and concentration for topical application. ** Approximate value of the ADI (established by EFSA for adults) in body weight (bw) per day.

Nanoparticle Safe Dose * Ion Function in Biological System Biocompatibility Antibacterial Mechanism ADI Value ** Ref

Copper NPs (Cu2+)
40 nm–
80 nm

≤2 mg/mL

Acts as a stimulant for the proliferation of human
endothelial cells.

Stimulates cells to release growth factors and
cytokines.

Antibacterial effects.
Activates endothelial growth factor and increases

angiogenesis stimulation in combination with
FGF-2.

No deleterious effects on living
cells, CuNPs concentration of

35 nmol/mg shows more
biocompatibility

Cu2+ generates hydroxyl
radicals to attack the
bacterial membrane.

0.07 mg/kg
bw/day [111,112]

Zinc Oxide NPs (Zn2+)
15 nm–
55 nm

1.0 mg/mL–10 mg/mL

Zinc ion regulates the activity of growth hormone.
Promotes neural development

Improves osteoblast differentiation to promote
bone development.

Exhibits anti-inflammatory properties.
Prevents bacterial development and facilitates

wound healing at the surgical site.

FDA recognized non-harmful
material; widely used in

biomedical imaging,
biosensing, gene delivery, and

drug delivery

ROS production,
lipopolysaccharide

membrane rapture, DNA
replication inhibition, and

lowering the bacteria’s
enzymatic metabolism.

25 mg/day [113,114]

Magnesium hydroxide
NPs (Mg2+) 250 and 500 µg/mL

Acts as a coagulant, cofactor for a variety of
enzymes (catalytic action), usually exists as a

chelate in cells.

Considered safe in vivo and
in vitro at lower

concentrations; safe at
<250 µg/mL suitable for drug

encapsulation, water
purification and clinical uses.
Higher concentrations may

lead to cancer.

Membrane destabilization;
disruption of

Mg2+-dependent
enzymatic/metabolic

processes; inhibition of
bacterial adhesion and

biofilm formation.

350 mg/day (men)
300 mg/day

(women)
[115,116]

Silver NPs (Ag+) ≥10 nm
1.0 mg/mL–3.0 mg/mL

Exerts antibacterial activity through interactions
with microbial DNA, inhibiting replication, and
with sulfhydryl-containing bacterial enzymes,

disrupting cellular respiration and
membrane-associated transport processes.

Widely employed in the development of bioactive
and antimicrobial bone implants owing to their

broad-spectrum antimicrobial activity and
regenerative potential.

Used in wound dressings, safe
at lower concentrations

Ag+ interacts with
sulfur-containing proteins

in the bacterial cell
membrane.

0.9 µg/kg
bw/day [117,118]

Manganese (Mn2+) 2 ppm–256 ppm

A cofactor for a wide range of enzymes
(oxidoreductases, transferases, hydrolases, lyases,

isomerases, ligases, lectins, integrins, and
glutamine synthetase).

Superoxide-free radical detoxification is
impossible without it.

Used as an MRI contrast agent.
Antibacterial and bio-tolerant properties.

Low-dose antibacterial efficacy,
antioxidant data, and

compatibility with antibiotics.

Decreasing the level of ROS,
suppressing the

inflammation and
neutrophil infiltration, and
promoting the polarization

of macrophages into
M2-type.

3 mg/day [119,120]
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Consequently, the rational design of next-generation ion-functionalized biomaterials
requires achieving an optimal balance between antimicrobial activity, tissue regeneration,
immune modulation, and long-term safety. Future research should focus on three key
areas. First, the development of precisely regulated ion-delivery systems capable of maxi-
mizing therapeutic efficacy while minimizing toxicity [121]. Advances in nanotechnology,
smart biomaterials, and stimuli-responsive platforms offer promising opportunities to
achieve controlled ion release tailored to the dynamic requirements of different stages of
wound healing. Second, the interactions between therapeutic ions and biomaterial matrices,
particularly in multi-ion systems, remain insufficiently understood. Emerging evidence
suggests that combining multiple ions may generate synergistic effects that enhance healing
outcomes, therefore, future studies should optimize ion combinations and elucidate the
mechanisms governing their release, bioavailability, and biological activity in different
wound environments [122]. Finally, comprehensive long-term safety evaluations are essen-
tial for clinical translation. Beyond the scope of local histocompatibility, assessments should
include systemic biodistribution, organ accumulation, metabolic clearance, immune re-
sponses, degradation products, and potential disruptions of metal homeostasis [123]. These
considerations are especially important for slowly degradable or persistent nanosystems,
such as iron oxide-based scaffolds and catalytic nanozymes, which may remain in neural
tissue or peripheral organs for extended periods [124]. Accordingly, future investigations
should integrate histological analyses, blood biochemistry, organ pathology, and long-
term monitoring of metal retention and clearance to establish the safety and therapeutic
durability of these advanced wound-healing platforms.

5. Potential of Mesoporous Silica Nanoparticles (MSNs) for Enhanced
Wound Healing in Diabetes
5.1. Properties of MSNs

Mesoporous silica materials have emerged as notably promising platforms for wound-
healing applications [125,126] due to their distinctive structural features, biocompatibility,
and remarkable drug-loading capabilities [38]. These materials are distinguished by their
highly porous structure, featuring narrow pore size distributions with diameters rang-
ing from 2 to 50 nm, large pore volumes, and exemplary specific surface areas, typically
between 300 and 1000 m2g−1. Representative MSNs, including SBA-15 [127] and MCM-
41 [128] exhibit ordered porosity with a two-dimensional (2D) hexagonal pore architecture
composed of uniform cylindrical mesochannels, enabling efficient mass transport and
precise control over drug loading and release kinetics. The outstanding chemical, hy-
drothermal, and mechanical stability of MSNs, along with the superior tunability of their
physicochemical properties, including morphology, particle size, pore architecture and
surface functionality, allow the development of customized therapeutic delivery strate-
gies for advanced biomedical applications [129,130]. MSNs, particularly SBA-15 [127,131],
are highly versatile materials whose surfaces can be readily functionalized with a broad
spectrum of organic moieties, including amine, thiol, carboxyl, and phosphate groups. In
addition, surface engineering enables precise modulation of their characteristics, leading to
increased drug-loading efficiency, improved control over drug-release profiles, enhanced
solubility and bioavailability of poorly water-soluble therapeutics. It also provides effective
protection for sensitive bioactive cargos, including antibiotics, growth factors, peptides,
nucleic acids, enzymes, and imaging agents, thereby minimizing premature degradation
and preserving their biological activity. Moreover, their well-defined mesoporous archi-
tecture facilitates localized and sustained delivery of these therapeutic agents, enhancing
treatment efficacy while reducing systemic exposure and associated side effects [132–134].
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The preservation or generation of silanol-rich surfaces represents a critical aspect in
the development of MSNs, as surface silanol groups are directly responsible for many
of their advantageous physicochemical and biological properties. These functionalities
govern surface reactivity, hydrophilicity, biomolecular interactions, drug-loading efficiency,
and subsequent functionalization processes. Consequently, maintaining a high density of
accessible silanol groups is essential for tailoring MSN performance and can be effectively
obtained through solvent extraction-based surfactant removal methods, which preserve the
surface chemistry of the silica framework while minimizing silanol condensation during
processing [135–137].

Overall, the high degree of structural and surface tunability of MSNs constitutes
a major advantage, enabling the rational engineering of nanoplatforms with enhanced
biocompatibility, bioactivity, and cellular interactions while reducing potential cytotox-
icity. Such modifications can significantly improve therapeutic efficacy and promote
regenerative processes, underscoring the potential of MSNs for advanced biomedical and
tissue-engineering applications [126,129,138].

5.2. Hybrid Platforms Incorporating MSNs

The incorporation of MSNs into formulations containing polymers, ceramics, met-
als or other nanomaterials enables the integration of complementary functionalities into
a single platform, broadening their potential for biomedical applications. Palanikumar,
et al. [139] developed a polymer-gatekeeper MSNs where doxorubicin loaded-MSNs were
non-covalently capped with a disulfide-cross linkable PEG-PDS copolymer to fabricate a
targeted drug delivery system. Wu, et al. [140] synthesized a nanocomposite by immobi-
lizing ultrasmall ceria nanocrystals onto MSN surfaces, combining strong tissue adhesion
through nano bridging with potent autocatalytic ROS-scavenging activity. In a rat model,
MSN-ceria treatment not only accelerated wound closure but promoted regenerative heal-
ing characterized by skin appendage morphogenesis, native collagen alignment and limited
scar formation. This MSN-based nanocomposite showed promise in modulating the ox-
idative stress microenvironment particularly relevant to impaired diabetic wound healing.
Xue, et al. [141] incorporated artemisia argyi extract-loaded MSNs into a GelMA/HAMA
photocrosslinkable hydrogel, where the mesoporous carriers dramatically suppressed burst
release. The resulting composite hydrogel exhibited antibacterial activity, promoted M1-to-
M2 macrophage polarization, and significantly accelerated wound closure with enhanced
collagen deposition. Studies in angiogenesis using rat full-thickness wound models have
demonstrated the effectiveness of MSNs as sustained-release delivery systems, enhancing
therapeutic efficacy in chronic wound healing. Zhang, et al. [142] specifically designed
a dual-drug loaded composite hydrogel dressing comprising oxidized hyaluronic acid,
branched polyethyleneimine and amino-modified mesoporous silica, enabling sustained
tetracycline delivery and in situ metformin incorporation via Schiff-base crosslinking for
diabetic foot ulcer treatment. Their findings highlighted the capacity of MSN-integrated
hydrogel dressings to provide intelligent, context-responsive multi-drug delivery to simul-
taneously address the complex pathological features of diabetic wounds. The key outcomes
discussed above are summarized in Table 4.

Despite significant advances in diabetic wound research, the heterogeneity of bioma-
terials, therapeutic cargoes, and experimental models used across studies limits rigorous
quantitative comparison and standardization of outcomes.
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Table 4. Main outcomes of these representative mesoporous silica-based drug delivery systems for
wound healing.

Mesoporous System Therapeutic Agent Main Outcomes Ref

Polymer-gatekeeper MSN, non-covalently
capped with a disulfide-crosslinkable

PEG-PDS copolymer
Doxorubicin

High drug loading was achieved because
the unmodified pore volume was

preserved
[139]

Ultrasmall ceria nanocrystals immobilized
on MSN surfaces

Autocatalytic ROS-scavenging
ceria (no exogenous drug)

Accelerated wound closure, regenerative
healing with skin appendage formation,
native collagen alignment and limited

scarring

[140]

MSNs incorporated into GelMA/HAMA
photocrosslinkable hydrogel Artemisia argyi extract

Antibacterial activity, M1-to-M2
macrophage polarization, accelerated

closure with enhanced collagen deposition
and angiogenesis

[141]

Amino-modified MSNs within an
oxidized hyaluronic acid/branched

polyethleneimine hydrogel

Tetracycline and metformin
(dual-drug, Schiff base

crosslinked)

Successful multi-drug encapsulation
enabling responsive release [142]

6. Superparamagnetic Iron Oxide Nanoparticles (SPIONs) for Diabetic
Wound Healing
6.1. Properties of SPIONs

Superparamagnetic iron oxide nanoparticles (SPIONs) have gained increasing research
interest for biomedical applications. Owing to their capabilities and magnetic responsive-
ness, SPIONs act as multifunctional theranostic platforms, enabling targeted and controlled
drug delivery, high-resolution MRI contrast enhancement, cellular tracking, and magnetic
hyperthermia-mediated therapy [143–146]. SPIONs belong to the class of ferrimagnetic
iron oxide nanomaterials, primarily represented by magnetite (Fe3O4) and maghemite
(γ-Fe2O3), although mixed ferrites (MFe2O4, where M = Co, Mn, Zn, etc.) have also been
extensively investigated due to their tunable magnetic properties. Their distinctive super-
paramagnetic behavior, which arises when particle dimensions are reduced to the nanoscale
(typically 10–50 nm), enables precise remote manipulation through the application of an
external alternating magnetic field. Under these conditions, the magnetic moments within
the nanoparticles rapidly align with the applied field and lose their magnetization upon its
removal, thereby preventing magnetic remanence and reducing particle aggregation [147].
Their large specific surface area provides abundant sites for surface functionalization, cova-
lent attachment or loading of biological targeting moieties [144]. This versatility facilitates
the development of targeted nanoplatforms with improved biodistribution, enhanced
target-site recognition, and increased therapeutic efficacy while minimizing off-target ef-
fects [146,148]. Moreover, SPIONs provide efficient magnetic resonance imaging (MRI)
contrast, allowing precise visualization and discrimination of pathological and healthy
tissues. In addition to their unique magnetic properties, SPIONs offer several advantages,
exhibiting favorable biodegradability and biocompatibility, enabling their safe interac-
tion with biological systems and facilitating a wide range of therapeutic and diagnostic
functions [149]. In the field of oncology, SPIONs have revealed significant outcomes as
therapeutic agents, particularly when activated by externally applied alternating magnetic
fields. This approach offers several notable advantages, including minimal invasiveness,
reduced dependence on the physicochemical characteristics of the surrounding tissue,
and the absence of penetration-depth limitations typically associated with conventional
therapeutic modalities. Consequently, SPION-based systems offer an effective treatment
for deep-seated malignancies and have attracted considerable interest in brain tumor ther-
apy, where their magnetic guidance and targeting capabilities may facilitate drug delivery
across the blood–brain barrier. Furthermore, their ability to generate localized heat un-
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der alternating magnetic fields provides a suitable platform for magnetic hyperthermia,
enhancing antitumor efficacy while minimizing damage to healthy tissues [145,150,151].
The significant translational potential of SPIONs has led to the clinical approval of several
SPION-based formulations by the FDA [152]. More recently, these nanomaterials have
attracted growing attention in wound-healing research owing to their capacity to modulate
the wound microenvironment, enhance tissue repair processes, and stimulate regeneration
in chronic wounds [143,153].

Despite all their advantages, uncoated SPIONs exhibit high surface energy and chemi-
cal reactivity due to their elevated surface-to-volume ratio, making them prone to oxidation
under physiological or ambient conditions and to the formation of aggregates. Such phe-
nomena can significantly compromise their colloidal stability, magnetic performance, and
biological effectiveness. Consequently, surface modification has become a critical strategy
for enhancing SPION functionality, as it improves physicochemical stability, prevents aggre-
gation, increases biocompatibility, and enables the introduction of additional functionalities
tailored to specific biomedical applications [154]. To this end, a wide variety of organic and
inorganic coating approaches, as well as the development of hybrid and composite nanos-
tructures, have been proposed to optimize the performance of SPION-based theranostic
platforms [39].

6.2. Potential Role of SPIONs in Diabetic Wound Healing

Numerous studies establish SPIONs as multifaceted platforms capable of integrat-
ing infection control, cellular modulation, targeted therapeutic delivery, and real-time
monitoring across a broad range of wound-healing applications. Notably, many of these
functionalities directly address the pathological hallmarks of diabetic wounds, which differ
substantially from acute wounds and are characterized by chronic inflammation, excessive
oxidative stress, persistent bacterial infection, impaired angiogenesis, tissue hypoxia, and
delayed cellular responses [155,156]. In this context, SPIONs can be remotely manipulated
using external magnetic fields, enabling non-invasive stimulation, targeted delivery, and
imaging of therapeutics within the wound microenvironment. Unlike optical-based tech-
niques, magnetic fields exhibit excellent tissue penetration and are not significantly affected
by the poor vascularization and compromised blood perfusion that characterize diabetic
wounds [144,157]. Furthermore, the large surface area and versatile surface chemistry of
SPIONs allow functionalization with bioactive molecules, targeting ligands, growth factors,
antimicrobial agents, and regenerative therapeutics, facilitating the development of multi-
functional platforms tailored to the complex needs of diabetic wound management [158].
Their iron-based composition may provide additional biological benefits, as iron oxide
nanoparticles have been reported to influence cellular signaling pathways involved in
angiogenesis, macrophage polarization, and tissue remodeling, effectively addressing the
impaired angiogenesis and dysregulated inflammation that characterize the diabetic wound
microenvironment, in a way that is difficult to achieve with static, non-responsive mate-
rials [153]. Iron oxide in SPIONs is processed through the body’s natural iron pathways,
which is beneficial for patients who already struggle with impaired wound healing and
have a reduced capacity to handle additional foreign substances [151]. Consequently, the
unique combination of magnetic properties and regenerative potential renders SPIONs
particularly attractive candidates for the treatment of chronic diabetic wounds, where
conventional therapeutic approaches often show limited effectiveness.

6.3. Hybrid Platforms Containing SPIONs for Wound Healing and Theranostic Applications

Guo, et al. [159] proposed SPION-based scaffolds with dual functional potential in
wound-associated tissue regeneration. They demonstrated that Feraheme-like SPIONs
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assembled layer-by-layer onto 3D-printed PLGA scaffolds conferred both antibacterial and
immunomodulatory properties. The authors concluded that the regenerative effects of
SPIONs were primarily attributed to their unique surface characteristics rather than solely
to the release of iron ions resulting from nanoparticle degradation. These findings highlight
the crucial role of surface-mediated biointeractions in modulating cellular responses and
promoting tissue regeneration, thereby providing a promising strategy for the design of
infection-responsive scaffolds for wound-healing applications. Liu, et al. [160] revealed
significant potential of SPIONs when applied to nerve wound healing through a mechanism
they described as SPION-mediated magnetic actuation. Given the central role of Schwann
cells in peripheral nerve regeneration, and their progressive loss of repair-associated
phenotypes following injury, strategies aimed at maintaining their regenerative capacity
are of considerable clinical interest. To address this challenge, they developed fluorescent-
magnetic bifunctional SPIONs and demonstrated that, in the presence of an external
magnetic field gradient, these nanoparticles could exert piconewton (pN)-scale mechanical
forces on Schwann cells. The applied mechanical stimuli were subsequently converted into
intracellular biochemical signals through mechanotransduction pathways, leading to the
upregulation of key regeneration-associated transcription factors. Their findings indicated
that SPIONs can function as effective mechanotransduction actuators, capable of preserving
the repair-supportive phenotype of Schwann cells. This approach therefore represents a
promising therapeutic strategy for enhancing peripheral nerve regeneration and improving
outcomes in nerve injury repair. Recently, Hashemi, et al. [161] proposed that SPIONs serve
a dual role in wound healing, functioning both as cell-labeling agents for the non-invasive
tracking of transplanted stem cells and as facilitators of regenerative cell therapy delivery.
Simultaneously, their integration within stem cell-based constructs enhances the precision
and effectiveness of cell delivery to the target tissue. Consequently, SPIONs represent an
invaluable theranostic platform in wound healing, combining therapeutic functionality
with non-invasive imaging capabilities. This dual functionality offers a powerful approach
for stem cell-based regenerative therapies, thereby opening new avenues for advanced
wound management and regenerative medicine.

Vargas-Osorio, et al. have made significant contributions to the development of
multifunctional magnetic nanocomposites by integrating SPIONs (Fe3O4) within SBA-15
mesoporous silica frameworks [162–165] or by engineering functionalized multicore-shell
(multi-Fe3O4@C-COOH) nanostructures [166] for advanced theranostic applications. This
synergistic hybridization strategy has demonstrated considerable promise for applica-
tions involving brain, and soft- and hard-tissue regeneration. Among their most notable
properties, these magnetic mesoporous nanocomposites exhibit highly ordered porosity
and large specific surface areas. The magnetic SBA-15 structures generally preserve the
characteristic two-dimensional hexagonal mesostructure with uniform cylindrical pores,
while magnetite nanoparticles are covalently anchored to the silica surface, enabling a
strong magnetic response even at relatively low iron oxide content. Furthermore, these
materials retain the superparamagnetic behavior of SPIONs, characterized by the absence
of magnetic remanence and coercivity, thereby minimizing undesirable particle aggrega-
tion. Their thermal-insulating capability during magnetic stimulation limited excessive
temperature increases and helped prevent thermal damage to surrounding healthy tissues.
This characteristic is particularly relevant for applications involving sensitive organs, such
as the brain, where strict thermal control is essential. In addition, the synthesis approaches
allowed precise control over particle morphology, enabling the fabrication of nanostruc-
tures with tailored sizes and shapes according to the requirements of specific biomedical
applications. The abundance of surface silanol groups further contributes to enhanced
colloidal stability, biocompatibility, and bioactivity in physiological environments, while
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providing versatile anchoring sites for subsequent functionalization. From a diagnostic
perspective, these nanocomposites have demonstrated excellent performance as MRI con-
trast agents, exhibiting high transverse relaxivity (r2) values that are comparable to or
even surpass those commercially available, thereby improving imaging sensitivity and
diagnostic accuracy. Moreover, the simultaneous incorporation of magnetic nanoparticles
and fluorescent probes, such as rhodamine derivatives, enables multimodal MRI/optical
imaging, allowing more comprehensive visualization and tracking of biological processes.
Collectively, these physicochemical, magnetic, and imaging characteristics highlight the
considerable potential of magnetic SBA-15/SPION nanocomposites as multifunctional
theranostic platforms. Their ability to combine targeted therapeutic delivery, non-invasive
imaging, high biocompatibility, and magnetic responsiveness makes them particularly
attractive candidates for diabetic wound-healing applications, where the need for real-time
therapeutic monitoring pose significant clinical challenges.

6.4. Diagnostic and Monitoring Capabilities of SPIONs Through Magnetic Resonance
Imaging (MRI)

MRI is well known for its excellent soft tissue contrast and ability to penetrate tissues
without restriction [167]. However, its relatively low spatial resolution and lack of real-
time imaging capabilities make it less ideal for directly assessing superficial wound beds
compared with optical-based methods. In contrast, fluorescence and near-infrared (NIR)
imaging offer significantly higher spatial resolution at shallow tissue depths, allowing
non-invasive, real-time visualization of nanoparticle distribution and related biological
responses [168]. Photoacoustic imaging adds another layer by enabling the functional eval-
uation of wound vascularization and tissue oxygenation through the combined detection of
optical absorption and ultrasonic signals [169]. Owing to these complementary advantages,
SPION-containing mesoporous silica nanoparticle (MSN) hybrids are appealing because
they are not limited to a single imaging technique. The high surface area and adjustable
surface chemistry facilitate the dense and controlled attachment of fluorophores, target-
ing antibodies, and other responsive probes [170]. Meanwhile, the superparamagnetic
iron oxide nanoparticle (SPION) component, whether integrated within the mesoporous
structure or as a magnetic core, provides MRI contrast enhancement and magnetic re-
sponsiveness. Structures such as SBA-15/Fe3O4 composites have been demonstrated to
mitigate the aggregation commonly observed in bare magnetite nanoparticles while pre-
serving a highly functionalizable surface [171]. Furthermore, surface amination using
(3-aminopropyl) triethoxysilane (APTES) provides reactive amino groups that enable the
covalent conjugation of fluorescent probes, such as rhodamine derivatives, as well as
targeting biomolecules, thereby expanding the diagnostic and therapeutic capabilities of
Fe3O4-containing silica platforms [171]. This surface chemistry underpins the development
of antibody-functionalized magnetic mesoporous silica hybrids for targeted and image-
guided drug delivery. Beyond enabling dual-modal fluorescence/MRI imaging, SPIONs
provide additional functionalities relevant to wound management, including magnetically
assisted retention at the wound site, externally triggered or magnetically modulated thera-
peutic release, and non-invasive monitoring of nanoparticle biodistribution and clearance
beyond the limitations of optical imaging [172]. Consequently, MSN-SPION nanocom-
posites outperform conventional contrast agents by acting as multifunctional theranostic
platforms that integrate complementary imaging capabilities with the sustained release of
therapeutic agents, thereby offering significant potential for future image-guided wound
management.
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7. New Generation of Multifunctional Theranostic Chitosan-Based
Dressings for Diabetic Wound Healing

To address the complex requirements of diabetic wounds, a single-component dressing
is unlikely to provide an effective solution. While Sections 2–6 demonstrated the potential
of chitosan, therapeutic ions, MSNs and SPIONs as individual functional components, the
real translational value emerges only when all four components are brought together within
a single, rationally engineered system. No single component can simultaneously address
all the factors that define the diabetic wound microenvironment. The present review
emphasizes the rational integration of these four components into a unified multifunctional
platform capable of addressing the complex and multifactorial nature of diabetic wounds.
To the best of our knowledge, no studies have yet described the combination of all these
components within a unified platform for chronic or diabetic wound healing. Moreover,
their application remains relatively unexplored across the broader biomedical field despite
the complementary functionalities and versatility offered by each constituent. This gap in
the literature highlights both the originality of the proposed approach and its significant
potential for the development of advanced multifunctional systems with therapeutic and
diagnostic capabilities, as illustrated in Figure 3.

Importantly, the modular nature of this platform enables extensive tuning of its
structural and physicochemical properties, facilitating the fabrication of a wide range of
constructs, such as sponges, hydrogels, films, beads, fibers and microgels. This design
flexibility allows the development of application-specific systems tailored to clinical needs,
including efficient exudate management, adaptation to irregular wound topographies, sus-
tained therapeutic delivery, and injectable formulations for minimally invasive treatment.

This section of the review focuses on the outcomes and synergistic interactions identi-
fied in a series of studies conducted by Vargas-Osorio, et al. [57,173–176] which provide
compelling evidence supporting the feasibility of the integrated strategy proposed herein.
These findings not only validate the underlying design principles of the proposed system
but also establish a strong foundation for extending this approach to diabetic wound-
healing applications, where similarly complex therapeutic challenges must be addressed
simultaneously. Figure 4 summarizes the properties achieved through the integration
of at least three of the four components discussed in this review, as demonstrated in
multifunctional hybrid sponges developed for bone tissue engineering.

7.1. Sustainable and Environmentally Safe Fabrication of the Theranostic Platform

The potential of marine-derived polysaccharides—chitosan (CS) and kappa-carrageenan
(κ-C)—as natural, renewable, and environmentally sustainable biomaterial sources were
highlighted through the successful fabrication of various multifunctional architectures, in-
cluding nanofibers [57,173] and three-dimensional (3D) hybrid sponges [174–176]. SBA-15
nanoparticles or engineered SBA-15@Fe3O4 composites, and in some cases, a combination
of these systems with other inorganic materials such as nanohydroxyapatite (n-HAp) were
additionally integrated to the sponges. For their fabrication, environmentally friendly
solvents, such as water, formic acid, and acetic acid were employed as safer alternatives
to the toxic organic solvents commonly used in conventional processing methods. Such
approaches are consistent with the principles of green chemistry. Furthermore, the synthetic
and processing methodologies used for both the synthesis of the individual components
and their integration into multifunctional hybrid systems, including wet-chemistry, copre-
cipitation, gelation, mixing, electrospinning and freeze-drying, are inherently compatible
with sustainable manufacturing principles. These techniques typically rely on low-toxicity
reagents, mild reaction conditions, and relatively low processing temperatures, thereby
reducing energy requirements and minimizing the generation of hazardous by-products. In
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addition to their environmental benefits, such approaches facilitate the development of safe,
scalable, and environmentally responsible multifunctional and multifaceted platforms.

 
Figure 3. Overview of the individual contributions of each component and their synergistic inte-
gration within the proposed multifunctional theranostic platform for diabetic wound management.
Parts of this figure were created with the assistance of artificial intelligence (AI) tools and were
subsequently reviewed and edited by the authors.
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Figure 4. Summary of the functional properties achieved through the integration of multiple com-
ponents in multifunctional hybrid sponges. Parts of this figure were created with the assistance of
artificial intelligence (AI) tools and were subsequently reviewed and edited by the authors.

7.2. Crosslinking-Ionic Gelation Synergy (BDDE and KCl)

The use of the FDA-approved crosslinking agent 1,4-butanediol diglycidyl ether
(BDDE) to covalently bind the amino and hydroxyl groups of CS and κ-C significantly
enhanced the structural integrity and stability of the resulting sponges and fibers. Fur-
thermore, subsequent potassium chloride (KCl)-mediated ionic reticulation induced the
aggregation of κ-C double helices, providing additional structural reinforcement and
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markedly improving the moldability, durability, and mechanical robustness of the system.
This synergistic combination of covalent crosslinking and ionic gelation resulted in mechan-
ically stable constructs capable of maintaining their structural and functional performance
under a variety of physiological conditions, thereby supporting prolonged therapeutic
actions. Importantly, this dual-stabilization strategy enabled precise modulation of both
the mechanical properties and degradation kinetics. In the case of the 3D sponges, the
resulting materials exhibited high resilience and the ability to fully recover their shape
following mechanical compression under wet conditions, demonstrating their suitability
for use in dynamic biological environments. Similarly, in electrospun nanofibrous sys-
tems, the mechanical properties, including Young’s modulus, tensile strength, and strain
at failure, were finely tuned by varying the exposure time to basic ionic gelation at 50 ◦C.
As a result, various nanofiber compositions displayed substantially enhanced elasticity,
structural stability, and resistance to degradation, further broadening their potential for
biomedical and tissue-engineering applications.

7.3. Structural, Textural and Porous Strategy

The use of CS or CS-based blends enabled the fabrication of highly porous structures
with a broad pore-size distribution, a characteristic that is particularly advantageous for
tissue engineering and wound-healing applications. Notably, the addition of κ-C and
CS into polycaprolactone (PCL) formulations to produce electrospun nanofibers not only
improved solution spinnability but also significantly enhanced storage stability, allowing
the precursor solution to be preserved at −20 ◦C for up to 30 days without compromising
fiber morphology or quality. This represented a substantial improvement over conventional
PCL-based formulations, which typically exhibit limited storage stability and undergo
degradation within a relatively short period. In the case of the 3D hybrid sponges, the
integration of engineered SBA-15@Fe3O4 composites within these marine polysaccharide
matrices generated highly interconnected architectures exhibiting hierarchical porosity
across multiple length scales, including the coexistence of macro-, meso-, and microporous
domains. The polysaccharide matrix provided macropores (≥10 µm), which were essential
for cell infiltration, migration, vascularization, and tissue ingrowth. Simultaneously, the
embedded SBA-15 composite, characterized by open cylindrical mesopores between 8−15
nm, markedly increased the specific surface area and surface roughness of the sponges,
significantly enhancing surface topography for cell adhesion and colonization.

7.4. Synergistic Biological Responses

Sustained and spatiotemporal drug release: The highly ordered mesoporous structure
of SBA-15 acted as an efficient drug reservoir, enabling the encapsulation and protection
of sensitive therapeutic molecules, such as simvastatin, against premature degradation.
When incorporated into hybrid systems, SBA-15 provided high drug-loading capacity
and generated a biphasic first-order release profile. This release pattern consisted of
an initial burst release, facilitating the rapid attainment of therapeutic levels, followed
by a sustained diffusion-controlled release phase that prolonged drug availability for
periods exceeding 30 days (up to 1400 h). Such long-term release kinetics are particularly
advantageous for chronic wound-healing applications, where continuous therapeutic
stimulation is often required to modulate inflammation, promote tissue regeneration, and
minimize the frequency of dressing replacement.

Biocompatibility and bioactivity: The developed materials supported the adhesion
and proliferation of a variety of cell types, including the bone marrow-derived stromal
cell line ST2, the human osteosarcoma cell line MG-63, MC3T3-E1 preosteoblasts, and
RAW 264.7 macrophages, demonstrating their broad cytocompatibility and suitability for
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regenerative applications. Furthermore, the dual incorporation of SBA-15@Fe3O4 and nano-
hydroxyapatite (nHAp) into some sponges’ formulation promoted the rapid formation
of bone-like apatite layers following 7–14 days of immersion in simulated body fluid
(SBF), confirming their high bioactive behaviour. While nHAp contributed significantly
to osteoconductivity and biomineralization, the engineered SBA-15@Fe3O4 composites
imparted magnetic responsiveness and increased surface roughness, enhancing protein
adsorption, cell adhesion, and cellular anchorage. The synergistic combination of these
components created a favorable microenvironment for cell-material interactions, ultimately
supporting tissue regeneration.

Similarly, the electrospun nanofibrous systems exhibited pronounced bioactive be-
havior when exposed to different physiological media, as evidenced by the formation of
nanoparticulate deposits on their surfaces. This biomimetic response further highlights
their potential to promote cellular attachment, proliferation, and regenerative processes in
biomedical applications.

Multifunctional theranostic capabilities: The use of engineered SBA-15@Fe3O4 com-
posites, in which SPIONs were covalently attached to SBA-15, enhanced the magnetic
responsiveness of the biopolymer sponges, enabling remote manipulation under external
magnetic fields. These magnetic nanocomposites also generated efficient localized heating
during magnetic stimulation, achieving SAR values of up to 22.44 Wg−1 while minimizing
thermal damage to adjacent tissues. The resulting thermal response could be tuned from
mild hyperthermia to targeted cell ablation, depending on the application requirements.
Moreover, the integration of magnetic hyperthermia and imaging capabilities within a
single system underscores the theranostic potential of these multifunctional platforms.

7.5. Potential Synergistic Effects of the Proposed Multifunctional System in the Diabetic
Wound Microenvironment

Influence of the diabetic wound pH on system performance: Diabetic wounds often
exhibit a mildly acidic microenvironment (pH~5.5–6.5) as a consequence of bacterial infec-
tion, inflammation, and limited oxygen supply, all of which contribute to delayed healing.
pH-responsive chitosan dressings are designed to exploit these pathological conditions by
enabling on-demand release of therapeutic agents, including antimicrobial compounds
and pro-regenerative molecules [177]. This responsiveness arises from the ionizable amino
groups (–NH2) within the chitosan backbone, whose protonation state varies with fluctua-
tions in local pH. Consequently, chitosan solubility is governed by protonation of its free
amine groups (pKa ≈ 6.3–6.5). Below pH ~6.5, these amine groups become protonated,
producing a positively charged, water-soluble polymer, whereas at neutral-to-basic pH
chitosan precipitates due to loss of this charge-driven solubility [40]. These reversible
interactions enable the hydrogel to swell, contract, or degrade as needed. The extent of
this response is further influenced by factors such as the degree of deacetylation, molec-
ular weight, and crosslinking strategy. These pH-dependent structural changes enable
precise drug release, localized antibacterial action, and restoration of a favorable wound
environment that supports tissue repair [178]. Meanwhile, mesoporous silica nanoparti-
cles often exhibit accelerated cargo release under acidic conditions due to enhanced silica
network hydrolysis and altered electrostatic interactions. The acidic pH effect on MSNs is
of significant importance for their application in drug delivery [179]. Such pH-responsive
drug delivery system can enhance wound-healing outcomes by promoting localized and
on-demand release of therapeutic agents, thus improving treatment efficiency while mini-
mizing systemic exposure and potential side effects [180]. Moreover, surface silanol groups
on MSNs can reversibly coordinate divalent cations, thereby modulating release kinetics
through adsorption-desorption equilibria and contributing to sustained therapeutic deliv-
ery. This effect may be further enhanced under mildly acidic conditions, where therapeutic
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ions such as Cu2+ and Zn2+ can be released more readily from ion-containing phases. In
contrast, SPIONs generally remain stable in mildly acidic diabetic wound environments
(pH ~5.5–6.5), particularly when protected by polymeric or inorganic surface coatings [181].
Significant dissolution of the iron oxide core and release of Fe2+/Fe3+ ions typically occur
under more strongly acidic conditions (pH < 4–5). Therefore, at the pH range characteristic
of diabetic wounds, SPIONs are generally expected to maintain their magnetic properties
and structural integrity while remaining biologically functional.

Synergistic interactions between therapeutic ions and MSNs: MSNs are widely
recognized for their exceptional capacity to load a broad range of therapeutic agents. There-
fore, interactions occurring between therapeutic ions and mesoporous silica surfaces may
favor ion retention and loading within the mesoporous system. When comparing the pore
size of MSNs, which typically fall within the mesoporous range (2–50 nm), with the size
of therapeutic metal ions such as Cu2+ and Zn2+, which are several orders of magnitude
smaller (approximately 0.3–2 Å), pore blockage by these ions is not expected. Based on
our knowledge and unpublished data currently under review on multi-ion-loaded SBA-15
platforms for ionic medicine applications in bone and dental tissue engineering, nitrogen
sorption analyses have demonstrated that the incorporation of multiple therapeutic ions
can lead to a moderate decrease in pore size and pore volume. However, these changes do
not significantly alter the original mesostructural characteristics of SBA-15. These findings
indicate that ion loading does not substantially alter the original pore architecture, although
it may influence both the transport and release profile of ions. Accordingly, interactions
between therapeutic ions and surface silanol groups may enhance ion retention and mod-
ulate release kinetics, promoting a sustained release that could ultimately improve the
biological performance of ion-containing systems in the diabetic wound microenvironment.
Similar behavior was reported by Vitázková, et al. [182] who demonstrated that Co- and
B-co-doped mesoporous bioactive glass (MBG) nanoparticles exhibited the highest degra-
dation and therapeutic ion release rates owing to their larger specific surface area, which
promoted solid-liquid interfacial interactions and ion-exchange processes. In contrast, the
corresponding SiO2-coated particles displayed a more regulated release behavior, prolong-
ing the delivery of therapeutic ions while maintaining comparable Si release. These findings
suggest that the silica shell containing silanol groups acts as a selective diffusion-regulating
barrier, modulating ion transport and release kinetics, which contributed to improved
biological performance.

Synergistic interactions between therapeutic ions and SPIONs: The presence of
SPIONs may enable magnetic field-dependent modulation of ion diffusion through the
chitosan matrix, particularly under magnetic hyperthermia conditions. By tuning the mag-
netic field strength and frequency, localized heating can be generated, which may enhance
ion mobility and diffusion. The extent of this effect depends on the specific application (e.g.,
wound healing, antibacterial activity, or tissue engineering), as well as the composition
and coating of the magnetic nanoparticles. Iron oxide-based nanoparticles are generally
preferred for in vivo magnetic hyperthermia because of their strong magnetic response
(Mbulk satd, ≈ 80–90 emu g−1), biocompatibility, and low toxicity [147]. Based on our current
knowledge, no significant effect on ion diffusion has been observed under conventional tis-
sue engineering conditions, however, an influence through magnetic hyperthermia cannot
be excluded and requires further investigation.

In this context, the further incorporation of therapeutic ions into this type of hy-
brid formulations, either through controlled complexation with chitosan or in the form
of metallic nanoparticles, represents a promising strategy for enhancing and broadening
their therapeutic potential. Such integration can generate synergistic effects by combining
the characteristics of therapeutic ions with the unique biological and physicochemical
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properties of chitosan, MSNs, and SPIONs. Collectively, these interactions may impart
enhanced antibacterial and anti-inflammatory functionality while promoting cell prolifer-
ation, angiogenesis, extracellular matrix deposition, and tissue regeneration. As a result,
these multifunctional platforms hold considerable promise for accelerating wound healing
and improving tissue repair outcomes.

8. Critical Comparison of the Proposed Multifunctional Platform with
State-of-the-Art Dressings for Diabetic Wound Healing

Over the past five years, considerable research efforts have focused on the develop-
ment of multifunctional platforms for diabetic wound healing through the integration of
diverse bioactive components. Most reported systems are restricted to relatively simple
two- or three-component architectures, typically consisting of natural polymer matrices,
such as chitosan, hyaluronic acid, or collagen, combined with a single bioactive cargo,
including therapeutic agents, growth factors, or nanoparticle systems. According to the
current state-of-the-art, naturally derived polymers are generally favored over synthetic
counterparts owing to their intrinsic biocompatibility, biodegradability, and bioactivity, all
of which are highly beneficial for tissue repair and regeneration. Among them, hyaluronic
acid and collagen have demonstrated remarkable potential for promoting angiogenesis,
cell proliferation, and extracellular matrix remodeling. Nevertheless, their widespread
use remains limited by high production and purification costs, as well as challenges as-
sociated with large-scale manufacturing and availability, hindering their regular use in
cost-effective wound care products, especially in resource constrained environments. In
contrast, chitosan is derived from the abundant and inexpensive natural resource chitin,
commonly obtained from crustacean shell waste, offering comparable biocompatibility
while providing substantially greater economic feasibility and manufacturing scalabil-
ity and accessibility. These advantages position chitosan as an attractive matrix for the
development of cost-effective advanced wound dressings. Furthermore, as summarized
in Table 5, most currently available multifunctional dressings rely on relatively simpler
compositions, highlighting the opportunity to develop more integrated platforms capable
of simultaneously addressing the multiple pathological features of diabetic wounds.

Table 5. State of the art multifunctional dressings reported for diabetic wound healing.

System & Polymer
Matrix Functional Payload

Release/
Crosslinking
Mechanism

Key Reported
Outcome Limitations Ref

Carboxymethyl
chitosan (CMCS) +

oxidized
hyaluronic acid

Curcumin-loaded
mesoporous

polydopamine NPs

Dynamic imine
bonds + electrostatic

interaction

Dual-stage release
(rapid + sustained);
strong antioxidant,

hemostatic,
antibacterial activity

No embedded
diagnostic/tracking

function; long-term in vivo
stability of dual-drug release

not established

[183]

PEG-co-
poly(glycerol sebacic
acid)–chitosan (PC)

Metformin +
graphene oxide

Dual dynamic bonds
(Schiff base + phenyl

boronate ester)

pH/glucose
dual-responsive

release; extensively
characterized (NMR,
FTIR, SEM, rheology,
in vivo hemostasis)

Complex multi-step
synthesis (dual dynamic
bonding chemistry); no

diagnostic capability; GO
long-term biocompatibility

not addressed

[184]

Aminated gelatin +
oxidized dextran

Zinc oxide
nanoparticles Dynamic Schiff base

Inflammation-
responsive sequential

release (hemostatic
→ antibacterial →

angiogenic)

Single nanomaterial type
limits functional versatility;

no imaging/monitoring
component; ZnO

dose-dependent cytotoxicity
not discussed

[185]
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Table 5. Cont.

System & Polymer
Matrix Functional Payload

Release/
Crosslinking
Mechanism

Key Reported
Outcome Limitations Ref

Hyaluronic
acid-ADH + oxidized

dextran

Laponite
nanoplatelets + LL-37

mimetic peptide
(W379)

Reversible Schiff base

Broad-spectrum
antibacterial, biofilm

inhibition,
re-epithelialization

Peptide-based systems face
stability/cost/scale-up

challenges; no diagnostic or
tracking function; no

ion-release component

[186]

Bacterial cellulose Copper nanoparticles
+ polydopamine Self-polymerization

Skin-comparable
conductivity; dual

function as dressing +
motion/

microexpression
sensor

Sensing function is
electrical/motion-based only,

not diagnostic imaging;
Cu-NP long-term systemic

safety not addressed;
bacterial cellulose

production scalability is a
known bottleneck

[187]

ZIF-8 (Zn-based
MOF) + bacterial
cellulose sponge

Antioxidant naringin Hydrogen bonding
(ZIF-8–BC hydroxyls)

High exudate
absorption, enhanced
mechanical strength,

low density

No stimuli-responsive
release mechanism reported;
no diagnostic function; MOF

(ZIF-8) long-term
degradation/toxicity profile

not established

[188]

8.1. Advantages and Disadvantages of the Proposed Multifunctional System

Compared with the systems outlined in Tables 2 and 5, the proposed platform pro-
vides notable practical advantages in the preparation of its inorganic components. Both
MSNs and SPIONs can be produced through simple, scalable, and economically viable
synthesis routes, such as sol-gel, co-precipitation, and wet-chemistry methods. These well-
established fabrication routes facilitate large-scale production while maintaining precise
control over particle size, morphology, and physicochemical properties [189]. These pro-
cesses are conducted in aqueous media under simple and readily controllable conditions,
typically at moderate temperatures (<100 ◦C). Moreover, they represent environmentally be-
nign synthesis routes, employing water, acetic acid, or other aqueous media as the primary
solvent system, thereby avoiding the use of organic solvents, cytotoxic crosslinking agents,
and additional processing steps such as UV-initiated crosslinking [190]. This straight-
forward fabrication strategy is complemented by a broader and more mechanistically
diverse spectrum of therapeutic functions, including angiogenic, antibacterial, antioxi-
dant, and regenerative activities, thereby offering greater functional complexity than the
single-agent or single-nanoparticle systems commonly described in current research. While
the four-component design expands the simultaneous physicochemical and biological
functionalities compared with currently reported dressings, it also introduces compatibility,
stability, and scale-up challenges that have not yet been systematically resolved in the
literature, highlighting important areas for future development and optimization.

The principal limitation of the proposed multifunctional platform stems from its multi-
component composition. First, it introduces a higher degree of component-component
interactions, including chitosan-ion complexation and potential nanoparticle aggregation,
which are generally absent in systems containing a single nanomaterial. Second, the incor-
poration of four independent components increases manufacturing complexity and may
contribute to greater batch-to-batch variability. Third, regulatory approval and comprehen-
sive characterization become more demanding, as the safety, stability, and efficacy of both
the individual components and the integrated system must be rigorously evaluated. Con-
sequently, the translation of such multifunctional platforms into clinical practice is likely to
be more challenging than that of established two-component wound dressing systems.
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8.2. Regulatory, Manufacturing, and Clinical Translation Challenges

Despite the promising therapeutic potential of chitosan-based multifunctional plat-
forms that integrate MSNs, therapeutic ions, and SPIONs, several translational challenges
must be addressed before clinical implementation.

Regulatory considerations for combination products: The proposed four-component
system is likely to be classified as a combination product because it integrates multiple
independently regulated constituents within a single therapeutic platform. As a result,
regulatory approval would require comprehensive evaluation of the safety, efficacy, and
manufacturing quality of each component, as well as validation of the overall risk-benefit
profile of the integrated system. Consequently, the regulatory pathway is expected to
be more complex than that of conventional single-component therapies, necessitating
extensive characterization of component interactions, batch-to-batch reproducibility, and
long-term safety and performance [191].

Manufacturing and scalability challenges: Chitosan is one of the most abundant
naturally occurring polysaccharides and is widely recognized for its biodegradability and
environmental sustainability. Nevertheless, large-scale production remains challenging
because the properties of chitosan-based dressings are strongly influenced by the molecular
weight and degree of deacetylation of the polymer, which can contribute to batch-to-batch
variability. Similar challenges apply to inorganic nanoparticle components, as they are com-
monly produced through bottom-up synthetic approaches that often limit production scale
and reproducibility. However, the industrial-scale manufacture of magnetic nanoparticles
is already well established, with several companies (Micromod Partikeltechnologie GmbH,
Chemicell, and Adámas Nanotechnologies) producing SPIONs at commercial volumes.
These developments suggest that large-scale production of the proposed inorganic com-
ponents is technically feasible, although further optimization will be required to ensure
manufacturing consistency and regulatory compliance.

Stability and shelf-life considerations: Available evidence indicates that these materi-
als exhibit favorable long-term stability under appropriately controlled storage conditions,
including dry storage, protection from light, and regulated temperature and humidity.
Nevertheless, successful clinical translation and commercialization will require the devel-
opment of optimized packaging, preservation, and lyophilization strategies, together with
standardized stability-testing protocols, to ensure the maintenance of material integrity,
functionality, and shelf life throughout storage, transportation, and clinical application.

Cost-effectiveness and health economic considerations: The polysaccharide and
inorganic components of the proposed platform are relatively inexpensive and environmen-
tally sustainable compared with many existing wound-healing therapies. In addition, their
fabrication relies on mild processing conditions and generally avoids high-temperature
treatments, toxic organic solvents, and energy-intensive manufacturing steps, thereby
supporting cost-effective, scalable, and environmentally responsible production [192].

Immunogenicity and long-term safety: To the best of our knowledge, preliminary
in vivo studies evaluating chitosan sponges incorporating SBA-15 mesoporous silica and
nanohydroxyapatite demonstrated promising outcomes in male rabbit models. Subsequent
formulations further incorporating SPIONs through engineered SBA-15@Fe3O4 composites
exhibited improved biological performance when evaluated in direct-contact assays using
MC3T3 cells, with the previously in vivo-tested sponge serving as the control. Specifically,
the magnetic composite-containing sponges promoted higher cell viability, adhesion, and
colonization, highlighting the beneficial contribution of SPION-functionalized SBA-15
systems to the overall biological response [176]. These findings support the feasibility of
further long-term safety and efficacy studies aimed at clinical translation. Nevertheless, the
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long-term safety, biodistribution, and clearance of advanced multifunctional therapeutic
platforms remain insufficiently understood and warrant further investigation.

9. Conclusions and Future Perspective
Diabetic wounds remain one of the most challenging complications of diabetes to

manage, owing to the combined burden of infection, hypoxia, impaired angiogenesis,
oxidative stress, and persistent inflammation that characterize their pathological microen-
vironment. Conventional therapies and single-function wound dressings often provide
only partial and predominantly passive solutions to this multifactorial condition. In this
context, chitosan has emerged as an attractive biomaterial due to its intrinsic biocompatibil-
ity, biodegradability, hemostatic activity, antimicrobial properties, and versatile chemical
structure, which can be tailored to create advanced therapeutic dressings that extend far
beyond the role of a conventional wound covering. Nevertheless, despite the substan-
tial progress achieved in the field, the current evidence base is predominantly limited to
two-component chitosan-containing systems. The synergistic integration of chitosan-based
matrices, therapeutic ions, mesoporous silica nanocarriers, and superparamagnetic iron
oxide nanoparticles represents a promising strategy for the development of next-generation
engineered platforms for diabetic wound management. Such multifaceted systems have
the potential to combine stimuli-responsive and sustained therapeutic delivery with an-
timicrobial, angiogenic, antioxidant, and regenerative functionalities, while simultaneously
enabling magnetic-field-assisted imaging, hyperthermia, targeting, and therapeutic mod-
ulation. The complementary interplay among these components may facilitate infection
control, angiogenesis, cell migration, extracellular matrix formation, and tissue regenera-
tion, thereby addressing multiple pathological aspects of diabetic wounds within a single
platform. Although a fully integrated four-component system has not yet been reported,
the growing body of evidence from related multifunctional platforms strongly supports
the feasibility and therapeutic promise of this approach.

Despite its considerable potential, several challenges must be addressed before clinical
translation can be achieved. The increased complexity of multi-component systems raises
concerns related to component compatibility, physicochemical stability, manufacturing re-
producibility, and scalable production. In addition, the interactions among therapeutic ions,
chitosan, mesoporous silica, and magnetic nanoparticles remain insufficiently understood,
particularly regarding release behavior, long-term stability, and synergistic biological effects.
Safety and regulatory considerations also require careful attention. Although localized
delivery is expected to reduce systemic exposure, the long-term biodistribution, clearance,
accumulation, and potential toxicity of released metal ions and inorganic nanomaterials
remain to be fully elucidated. Consequently, future studies should extend beyond local
biocompatibility and include comprehensive assessments of systemic safety, organ distri-
bution, immune responses, degradation products, and metal homeostasis. Moreover, the
integration of multiple functional components is likely to increase regulatory complexity,
requiring rigorous validation of safety, efficacy, manufacturing consistency, and long-term
performance. Future research should focus on quantitatively evaluating ion release, cargo
delivery, biological performance, and therapeutic efficacy under physiologically relevant
diabetic wound conditions. Establishing clear relationships between composition, release
kinetics, and biological outcomes, while benchmarking the integrated platform against
its individual components, will be essential for elucidating potential synergistic effects.
Ultimately, comprehensive preclinical and clinical studies will be required to determine the
translational potential of fully integrated four-component theranostic platforms for diabetic
wound management.

https://doi.org/10.3390/md24100347

https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 30 of 38

Author Contributions: R.R. Writing—original draft, Data curation, Formal analysis, Methodology,
Investigation, Writing—review & editing. D.C.L. Data curation, Formal analysis, Writing—review
& editing. Z.V.-O. Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Project administration, Validation, Visualization, Supervision, Writing—original draft, Writing—
review & editing Funding acquisition, Resources. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the SIBILA project with grant APVV-23-0097 (Agentúra na
podporu výskumu a vývoja).

Data Availability Statement: Dataset available on request from the authors.

Acknowledgments: This work was supported by the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101087154, project GlaCerHub. Views and
opinions expressed are however those of the author(s) only and do not necessarily reflect those of the
European Union or European Research Executive Agency (REA). Neither the European Union nor
the granting authority can be held responsible for them. The authors also gratefully acknowledge the
financial support from the SIBILA project with grant APVV-23-0097 (Agentúra na podporu výskumu
a vývoja).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Genitsaridi, I.; Salpea, P.; Salim, A.; Sajjadi, S.F.; Tomic, D.; James, S.; Thirunavukkarasu, S.; Issaka, A.; Chen, L.; Basit, A.;

et al. 11th Edition of the IDF Diabetes Atlas: Global, Regional, and National Diabetes Prevalence Estimates for 2024 and
Projections for 2050. Lancet Diabetes Endocrinol. 2026, 14, 149–156. Erratum in Lancet Diabetes Endocrinol. 2026, Online first.
https://doi.org/10.1016/S2213-8587(26)00238-X. [CrossRef] [PubMed]

2. Cai, Y.; Chen, K.; Liu, C.; Qu, X. Harnessing Strategies for Enhancing Diabetic Wound Healing from the Perspective of Spatial
Inflammation Patterns. Bioact. Mater. 2023, 28, 243–254. [CrossRef] [PubMed]

3. Hicks, C.W.; Selvin, E. Epidemiology of Peripheral Neuropathy and Lower Extremity Disease in Diabetes. Curr. Diab. Rep. 2019,
19, 86. [CrossRef] [PubMed]

4. Xu, G.; Xu, P.; Gao, B.; Chu, J.; He, B. Stimulus-Responsive Bioactive Hydrogels in Diabetic Wound Healing. ACS Appl. Nano
Mater. 2024, 7, 11037–11052. [CrossRef]

5. Peña, O.A.; Martin, P. Cellular and Molecular Mechanisms of Skin Wound Healing. Nat. Rev. Mol. Cell Biol. 2024, 25, 599–616.
[CrossRef] [PubMed]

6. Cañedo-Dorantes, L.; Cañedo-Ayala, M. Skin Acute Wound Healing: A Comprehensive Review. Int. J. Inflam. 2019, 2019, 3706315.
[CrossRef] [PubMed]

7. Han, X.; Ju, L.S.; Irudayaraj, J. Oxygenated Wound Dressings for Hypoxia Mitigation and Enhanced Wound Healing. Mol. Pharm.
2023, 20, 3338–3355. [CrossRef] [PubMed]

8. Fernández-Guarino, M.; Hernández-Bule, M.L.; Bacci, S. Cellular and Molecular Processes in Wound Healing. Biomedicines 2023,
11, 2526. [CrossRef] [PubMed]

9. Almadani, Y.H.; Vorstenbosch, J.; Davison, P.G.; Murphy, A.M. Wound Healing: A Comprehensive Review. Semin. Plast. Surg.
2021, 35, 141–144. [CrossRef] [PubMed]

10. Mahmoud, N.N.; Hamad, S.; Shraim, S. Inflammation-Modulating Biomedical Interventions for Diabetic Wound Healing: An
Overview of Preclinical and Clinical Studies. ACS Omega 2024, 9, 44860–44875. [CrossRef] [PubMed]

11. Alkhawaja, B.; Al-Akayleh, F.; Al-Khateeb, A.; Nasereddin, J.; Ghanim, B.Y.; Bolhuis, A.; Jaber, N.; Al-Remawi, M.; Qinna,
N.A. Deep Eutectic Liquids as a Topical Vehicle for Tadalafil: Characterisation and Potential Wound Healing and Antimicrobial
Activity. Molecules 2023, 28, 2402. [CrossRef] [PubMed]

12. Patel, S.; Srivastava, S.; Singh, M.R.; Singh, D. Mechanistic Insight into Diabetic Wounds: Pathogenesis, Molecular Targets and
Treatment Strategies to Pace Wound Healing. Biomed. Pharmacother. 2019, 112, 108615. [CrossRef] [PubMed]

13. Shu, F.; Huang, H.; Xiao, S.; Xia, Z.; Zheng, Y. Netrin-1 Co-Cross-Linked Hydrogel Accelerates Diabetic Wound Healing in Situ by
Modulating Macrophage Heterogeneity and Promoting Angiogenesis. Bioact. Mater. 2024, 39, 302–316. [CrossRef] [PubMed]

14. Khattak, S.; Ullah, I.; Sohail, M.; Akbar, M.U.; Rauf, M.A.; Ullah, S.; Shen, J.; Xu, H.T. Endogenous/Exogenous Stimuli-Responsive
Smart Hydrogels for Diabetic Wound Healing. Aggregate 2025, 6, e688. [CrossRef]

https://doi.org/10.3390/md24100347

https://doi.org/10.1016/S2213-8587(26)00238-X
https://doi.org/10.1016/S2213-8587(25)00299-2
https://www.ncbi.nlm.nih.gov/pubmed/41412135
https://doi.org/10.1016/j.bioactmat.2023.04.019
https://www.ncbi.nlm.nih.gov/pubmed/37292231
https://doi.org/10.1007/s11892-019-1212-8
https://www.ncbi.nlm.nih.gov/pubmed/31456118
https://doi.org/10.1021/acsanm.4c01917
https://doi.org/10.1038/s41580-024-00715-1
https://www.ncbi.nlm.nih.gov/pubmed/38528155
https://doi.org/10.1155/2019/3706315
https://www.ncbi.nlm.nih.gov/pubmed/31275545
https://doi.org/10.1021/acs.molpharmaceut.3c00352
https://www.ncbi.nlm.nih.gov/pubmed/37338289
https://doi.org/10.3390/biomedicines11092526
https://www.ncbi.nlm.nih.gov/pubmed/37760967
https://doi.org/10.1055/s-0041-1731791
https://www.ncbi.nlm.nih.gov/pubmed/34526860
https://doi.org/10.1021/acsomega.4c02251
https://www.ncbi.nlm.nih.gov/pubmed/39554458
https://doi.org/10.3390/molecules28052402
https://www.ncbi.nlm.nih.gov/pubmed/36903651
https://doi.org/10.1016/j.biopha.2019.108615
https://www.ncbi.nlm.nih.gov/pubmed/30784919
https://doi.org/10.1016/j.bioactmat.2024.04.019
https://www.ncbi.nlm.nih.gov/pubmed/38827174
https://doi.org/10.1002/agt2.688
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 31 of 38

15. Du, J.; Xian, C.; Liang, X.; Fan, S.; Wang, L.; Wu, J. Advanced Responsive Hydrogels for Diabetic Wound Healing: Design
Principles, Controlled Drug Delivery, Therapeutic Strategies, and Application Prospects. MedComm-Biomater. Appl. 2025, 4,
e70019. [CrossRef]

16. Dixon, D.; Edmonds, M. Managing Diabetic Foot Ulcers: Pharmacotherapy for Wound Healing. Drugs 2021, 81, 29–56. [CrossRef]
[PubMed]

17. Jin, X.; Lan, W.; Yong, W.; Yuan, Z.; Li, X.; Cui, X. Application and Development of Stimulus-Responsive Hydrogel Biomaterials
for Diabetic Wound Healing: A Literature Review. Front. Med. 2026, 12, 1740559. [CrossRef] [PubMed]

18. Ghosh, J.K.; Kaur, J.; Kumar, M.; Singh, T.G.; Awasthi, A. Next-Generation Hydrogel Dressings: Cargo for Peptides, Genes,
Nucleic Acids, Proteins, Growth Factors Targeting Diabetic Wounds. Nanomedicine 2026, 73, 102919. [CrossRef] [PubMed]

19. Dayya, D.; O’Neill, O.J.; Huedo-Medina, T.B.; Habib, N.; Moore, J.; Iyer, K. Debridement of Diabetic Foot Ulcers. Adv. Wound Care
2022, 11, 666–686. [CrossRef] [PubMed]

20. Ahluwalia, R.; Maffulli, N.; Lázaro-Martínez, J.L.; Kirketerp-Møller, K.; Reichert, I. Diabetic Foot off Loading and Ulcer Remission:
Exploring Surgical off-Loading. Surgeon 2021, 19, e526–e535. [CrossRef] [PubMed]

21. Maranna, H.; Lal, P.; Mishra, A.; Bains, L.; Sawant, G.; Bhatia, R.; Kumar, P.; Beg, M.Y. Negative Pressure Wound Therapy in
Grade 1 and 2 Diabetic Foot Ulcers: A Randomized Controlled Study. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15, 365–371.
[CrossRef] [PubMed]

22. Zhang, Z.; Zhang, W.; Xu, Y.; Liu, D. Efficacy of Hyperbaric Oxygen Therapy for Diabetic Foot Ulcers: An Updated Systematic
Review and Meta-Analysis. Asian J. Surg. 2022, 45, 68–78. [CrossRef] [PubMed]

23. OuYang, H.; Tang, Y.; Yang, F.; Ren, X.; Yang, J.; Cao, H.; Yin, Y. Platelet-Rich Plasma for the Treatment of Diabetic Foot Ulcer: A
Systematic Review. Front. Endocrinol. 2023, 14, 1256081. [CrossRef] [PubMed]

24. Sun, Y.; Zhao, J.; Zhang, L.; Li, Z.; Lei, S. Effectiveness and Safety of Stem Cell Therapy for Diabetic Foot: A Meta-Analysis
Update. Stem Cell Res. Ther. 2022, 13, 416. [CrossRef] [PubMed]

25. Barwell, N.D.; Devers, M.C.; Kennon, B.; Hopkinson, H.E.; McDougall, C.; Young, M.J.; Robertson, H.M.A.; Stang, D.; Dancer, S.J.;
Seaton, A.; et al. Diabetic Foot Infection: Antibiotic Therapy and Good Practice Recommendations. Int. J. Clin. Pract. 2017, 71,
e13006. [CrossRef] [PubMed]

26. Liang, Y.; He, J.; Guo, B. Functional Hydrogels as Wound Dressing to Enhance Wound Healing. ACS Nano 2021, 15, 12687–12722.
[CrossRef] [PubMed]

27. Gao, J.; Wu, X.; Hu, Y.; Wu, K.; Zhou, T.; Wei, D.; Wu, C.; Ding, J.; Luo, F.; Sun, J.; et al. Enzyme-Mimetic Hydroxyapatite for
Diabetic Wound Dressing with Immunomodulation and Collagen Remodeling Functions. ACS Appl. Mater. Interfaces 2025, 17,
35116–35127. [CrossRef] [PubMed]

28. Yadav, J.P.; Singh, A.K.; Grishina, M.; Pathak, P.; Verma, A.; Kumar, V.; Kumar, P.; Patel, D.K. Insights into the Mechanisms of
Diabetic Wounds: Pathophysiology, Molecular Targets, and Treatment Strategies through Conventional and Alternative Therapies.
Inflammopharmacol 2024, 32, 149–228. [CrossRef] [PubMed]

29. Han, G.; Ceilley, R. Chronic Wound Healing: A Review of Current Management and Treatments. Adv. Ther. 2017, 34, 599–610.
[CrossRef] [PubMed]

30. Zhou, L.; Min, T.; Bian, X.; Dong, Y.; Zhang, P.; Wen, Y. Rational Design of Intelligent and Multifunctional Dressing to Promote
Acute/Chronic Wound Healing. ACS Appl. Bio Mater. 2022, 5, 4055–4085. [CrossRef] [PubMed]

31. Baltzis, D.; Eleftheriadou, I.; Veves, A. Pathogenesis and Treatment of Impaired Wound Healing in Diabetes Mellitus: New
Insights. Adv. Ther. 2014, 31, 817–836. [CrossRef] [PubMed]

32. Su, X.; Zhang, J.; Gong, P.; Zou, H. Multifunctional Wound Dressings Based on Biopolymers for Chronic Wound Healing. ACS
Appl. Polym. Mater. 2026, 8, 706–724. [CrossRef]

33. Kolipaka, T.; Pandey, G.; Abraham, N.; Srinivasarao, D.A.; Raghuvanshi, R.S.; Rajinikanth, P.S.; Tickoo, V.; Srivastava, S. Stimuli-
Responsive Polysaccharide-Based Smart Hydrogels for Diabetic Wound Healing: Design Aspects, Preparation Methods and
Regulatory Perspectives. Carbohydr. Polym. 2024, 324, 121537. [CrossRef] [PubMed]

34. Li, Z.; Lin, Z. Recent Advances in Polysaccharide-Based Hydrogels for Synthesis and Applications. Aggregate 2021, 2, e21.
[CrossRef]

35. Benalaya, I.; Alves, G.; Lopes, J.; Silva, L.R. A Review of Natural Polysaccharides: Sources, Characteristics, Properties, Food, and
Pharmaceutical Applications. Int. J. Mol. Sci. 2024, 25, 1322. [CrossRef] [PubMed]

36. Jayabal, P.; Kannan Sampathkumar, V.; Vinothkumar, A.; Mathapati, S.; Pannerselvam, B.; Achiraman, S.; Venkatasubbu, G.D.
Fabrication of a Chitosan-Based Wound Dressing Patch for Enhanced Antimicrobial, Hemostatic, and Wound Healing Application.
ACS Appl. Bio Mater. 2023, 6, 615–627. [CrossRef] [PubMed]

37. Qin, W.; Wu, Y.; Liu, J.; Yuan, X.; Gao, J. A Comprehensive Review of the Application of Nanoparticles in Diabetic Wound Healing:
Therapeutic Potential and Future Perspectives. Int. J. Nanomed. 2022, 17, 6007–6029. [CrossRef] [PubMed]

38. Heidari, R.; Assadollahi, V.; Shakib Manesh, M.H.; Mirzaei, S.A.; Elahian, F. Recent Advances in Mesoporous Silica Nanoparticles
Formulations and Drug Delivery for Wound Healing. Int. J. Pharm. 2024, 665, 124654. [CrossRef] [PubMed]

https://doi.org/10.3390/md24100347

https://doi.org/10.1002/mba2.70019
https://doi.org/10.1007/s40265-020-01415-8
https://www.ncbi.nlm.nih.gov/pubmed/33382445
https://doi.org/10.3389/fmed.2025.1740559
https://www.ncbi.nlm.nih.gov/pubmed/41585269
https://doi.org/10.1016/j.nano.2026.102919
https://www.ncbi.nlm.nih.gov/pubmed/41780655
https://doi.org/10.1089/wound.2021.0016
https://www.ncbi.nlm.nih.gov/pubmed/34376065
https://doi.org/10.1016/j.surge.2021.01.005
https://www.ncbi.nlm.nih.gov/pubmed/33642205
https://doi.org/10.1016/j.dsx.2021.01.014
https://www.ncbi.nlm.nih.gov/pubmed/33524646
https://doi.org/10.1016/j.asjsur.2021.07.047
https://www.ncbi.nlm.nih.gov/pubmed/34376365
https://doi.org/10.3389/fendo.2023.1256081
https://www.ncbi.nlm.nih.gov/pubmed/38169990
https://doi.org/10.1186/s13287-022-03110-9
https://www.ncbi.nlm.nih.gov/pubmed/35964145
https://doi.org/10.1111/ijcp.13006
https://www.ncbi.nlm.nih.gov/pubmed/28892282
https://doi.org/10.1021/acsnano.1c04206
https://www.ncbi.nlm.nih.gov/pubmed/34374515
https://doi.org/10.1021/acsami.5c04696
https://www.ncbi.nlm.nih.gov/pubmed/40468703
https://doi.org/10.1007/s10787-023-01407-6
https://www.ncbi.nlm.nih.gov/pubmed/38212535
https://doi.org/10.1007/s12325-017-0478-y
https://www.ncbi.nlm.nih.gov/pubmed/28108895
https://doi.org/10.1021/acsabm.2c00500
https://www.ncbi.nlm.nih.gov/pubmed/35980356
https://doi.org/10.1007/s12325-014-0140-x
https://www.ncbi.nlm.nih.gov/pubmed/25069580
https://doi.org/10.1021/acsapm.5c04130
https://doi.org/10.1016/j.carbpol.2023.121537
https://www.ncbi.nlm.nih.gov/pubmed/37985111
https://doi.org/10.1002/agt2.21
https://doi.org/10.3390/ijms25021322
https://www.ncbi.nlm.nih.gov/pubmed/38279323
https://doi.org/10.1021/acsabm.2c00903
https://www.ncbi.nlm.nih.gov/pubmed/36723448
https://doi.org/10.2147/IJN.S386585
https://www.ncbi.nlm.nih.gov/pubmed/36506345
https://doi.org/10.1016/j.ijpharm.2024.124654
https://www.ncbi.nlm.nih.gov/pubmed/39244073
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 32 of 38

39. Pawar, P.; Prabhu, A. Smart SPIONs for Multimodal Cancer Theranostics: A Review. Mol. Pharm. 2025, 22, 2372–2391. [CrossRef]
[PubMed]

40. Sathiyavimal, S.; Sathiyamoorthi, E.; Bharathi, D.; Karthiga, P. Stimuli-Responsive Chitosan Hydrogels for Diabetic Wound
Management: Comprehensive Review of Emerging Strategies. Biomimetics 2025, 10, 807. [CrossRef] [PubMed]

41. Jiménez-Gómez, C.P.; Cecilia, J.A. Chitosan: A Natural Biopolymer with a Wide and Varied Range of Applications. Molecules
2020, 25, 3981. [CrossRef] [PubMed]

42. Kulkarni, N.; Shinde, S.D.; Jadhav, G.S.; Adsare, D.R.; Rao, K.; Kachhia, M.; Maingle, M.; Patil, S.P.; Arya, N.; Sahu, B. Peptide-
Chitosan Engineered Scaffolds for Biomedical Applications. Bioconjug. Chem. 2021, 32, 448–465. [CrossRef] [PubMed]

43. Wang, N.; Chen, H.; Lin, S.; Xia, B.; Wang, L.; Shi, Z. Translational Advances in Chitosan Biomaterials: From Molecular
Modification to Clinical Medicine. ACS Omega 2026, 11, 18507–18524. [CrossRef] [PubMed]

44. Manna, S.; Seth, A.; Gupta, P.; Nandi, G.; Dutta, R.; Jana, S.; Jana, S. Chitosan Derivatives as Carriers for Drug Delivery and
Biomedical Applications. ACS Biomater. Sci. Eng. 2023, 9, 2181–2202. [CrossRef] [PubMed]

45. Anraku, M.; Gebicki, J.M.; Iohara, D.; Tomida, H.; Uekama, K.; Maruyama, T.; Hirayama, F.; Otagiri, M. Antioxidant Activities of
Chitosans and Its Derivatives in in Vitro and in Vivo Studies. Carbohydr. Polym. 2018, 199, 141–149. [CrossRef] [PubMed]

46. Sudatta, B.P.; Sugumar, V.; Varma, R.; Nigariga, P. Extraction, Characterization and Antimicrobial Activity of Chitosan from Pen
Shell, Pinna Bicolor. Int. J. Biol. Macromol. 2020, 163, 423–430. [CrossRef] [PubMed]

47. Sana, S.S.; Mukherjee, R.; Oh, T.H.; Tufail, A.; Das, G.; Kim, S.C.; Dubey, A. Developing Biocompatible Chitosan-Stabilized Gold
Nanoparticles with Anticancer and Antimicrobial Properties: A Computational and Experimental Approach. ACS Appl. Bio Mater.
2025, 8, 8352–8378. [CrossRef] [PubMed]

48. Guo, S.; Ren, Y.; Chang, R.; He, Y.; Zhang, D.; Guan, F.; Yao, M. Injectable Self-Healing Adhesive Chitosan Hydrogel with
Antioxidative, Antibacterial, and Hemostatic Activities for Rapid Hemostasis and Skin Wound Healing. ACS Appl. Mater.
Interfaces 2022, 14, 34455–34469. [CrossRef] [PubMed]

49. Wang, H.; Zhang, L.M. Intelligent Biobased Hydrogels for Diabetic Wound Healing: A Review. Chem. Eng. J. 2024, 484, 149493.
[CrossRef]

50. Nie, L.; Wei, Q.; Sun, M.; Ding, P.; Wang, L.; Sun, Y.; Ding, X.; Okoro, O.V.; Jiang, G.; Shavandi, A. Injectable, Self-Healing,
Transparent, and Antibacterial Hydrogels Based on Chitosan and Dextran for Wound Dressings. Int. J. Biol. Macromol. 2023, 233,
123494. Correction in Int. J. Biol. Macromol. 2023, 251, 127298. https://doi.org/10.1016/j.ijbiomac.2023.127298. Correction in Int. J.
Biol. Macromol. 2023, 251, 127529. https://doi.org/10.1016/j.ijbiomac.2023.127529. [CrossRef] [PubMed]

51. Shariatinia, Z. Carboxymethyl Chitosan: Properties and Biomedical Applications. Int. J. Biol. Macromol. 2018, 120, 1406–1419.
[CrossRef] [PubMed]

52. Anushree, U.; Punj, P.; Vasumathi; Bharati, S. Phosphorylated Chitosan Accelerates Dermal Wound Healing in Diabetic Wistar
Rats. Glycoconj. J. 2023, 40, 19–31. [CrossRef] [PubMed]

53. Hsu, S.C.; Hsu, S.H.; Chang, S.W. Effect of PH on Molecular Structures and Network of Glycol Chitosan. ACS Biomater. Sci. Eng.
2020, 6, 298–307. [CrossRef] [PubMed]

54. Huang, Z.J.; Ye, M.N.; Peng, X.H.; Gui, P.; Cheng, F.; Wang, G.H. Thiolated Chitosan Hydrogel Combining Nitric Oxide and
Silver Nanoparticles for the Effective Treatment of Diabetic Wound Healing. Int. J. Biol. Macromol. 2025, 311, 143730. [CrossRef]
[PubMed]

55. Alli, Y.A.; Ejeromedoghene, O.; Oladipo, A.; Adewuyi, S.; Amolegbe, S.A.; Anuar, H.; Thomas, S. Compressed Hydrogen-Induced
Synthesis of Quaternary Trimethyl Chitosan-Silver Nanoparticles with Dual Antibacterial and Antifungal Activities. ACS Appl.
Bio Mater. 2022, 5, 5240–5254. [CrossRef] [PubMed]

56. Budiarso, I.J.; Rini, N.D.W.; Tsalsabila, A.; Birowosuto, M.D.; Wibowo, A. Chitosan-Based Smart Biomaterials for Biomedical
Applications: Progress and Perspectives. ACS Biomater. Sci. Eng. 2023, 9, 3084–3115. [CrossRef] [PubMed]

57. Vargas-Osorio, Z.; González Castillo, E.I.; Mutlu, N.; Vidomanová, E.; Michálek, M.; Galusek, D.; Boccaccini, A.R. Tailorable
Mechanical and Degradation Properties of KCl-Reticulated and BDDE-Crosslinked PCL/Chitosan/κ-Carrageenan Electrospun
Fibers for Biomedical Applications: Effect of the Crosslinking-Reticulation Synergy. Int. J. Biol. Macromol. 2024, 265, 130647.
[CrossRef] [PubMed]

58. Cao, J.; Wu, P.; Cheng, Q.; He, C.; Chen, Y.; Zhou, J. Ultrafast Fabrication of Self-Healing and Injectable Carboxymethyl Chitosan
Hydrogel Dressing for Wound Healing. ACS Appl. Mater. Interfaces 2021, 13, 24095–24105. [CrossRef] [PubMed]

59. Zou, Y.; Yang, Y.; Pei, J.; Sun, P.; Wang, Y. Ganoderma Lucidum Polysaccharide/Carboxymethyl Chitosan Hydrogels Modulate
Macrophage Polarization for Wound Healing. Biomacromolecules 2025, 26, 2675–2689. [CrossRef] [PubMed]

60. Reis, L.D.S.; Bezerra, R.D.S.; Barreto, H.M.; Osajima, J.A.; Silva-Filho, E.C. Chitosan Derivatives Associated with Ceftazidime:
Study of Controlled Release and Antibacterial Activity. ACS Omega 2025, 10, 45982–45991. [CrossRef] [PubMed]

61. Chen, Z.; Yan, J.; Wang, Q.; Wang, Y.; Qi, C.; Jiang, X.; Shi, X.; Feng, X. Chitosan-Based Thermosensitive Hydrogel Codelivering
Berberine and Resveratrol Promotes Wound Healing of Bacterial Infection in Diabetic Mice. ACS Appl. Bio Mater. 2026, 9,
3934–3945. [CrossRef] [PubMed]

https://doi.org/10.3390/md24100347

https://doi.org/10.1021/acs.molpharmaceut.5c00411
https://www.ncbi.nlm.nih.gov/pubmed/40223773
https://doi.org/10.3390/biomimetics10120807
https://www.ncbi.nlm.nih.gov/pubmed/41439875
https://doi.org/10.3390/molecules25173981
https://www.ncbi.nlm.nih.gov/pubmed/32882899
https://doi.org/10.1021/acs.bioconjchem.1c00014
https://www.ncbi.nlm.nih.gov/pubmed/33656319
https://doi.org/10.1021/acsomega.5c10900
https://www.ncbi.nlm.nih.gov/pubmed/41939329
https://doi.org/10.1021/acsbiomaterials.2c01297
https://www.ncbi.nlm.nih.gov/pubmed/37036371
https://doi.org/10.1016/j.carbpol.2018.07.016
https://www.ncbi.nlm.nih.gov/pubmed/30143114
https://doi.org/10.1016/j.ijbiomac.2020.06.291
https://www.ncbi.nlm.nih.gov/pubmed/32629046
https://doi.org/10.1021/acsabm.5c01281
https://www.ncbi.nlm.nih.gov/pubmed/40878883
https://doi.org/10.1021/acsami.2c08870
https://www.ncbi.nlm.nih.gov/pubmed/35857973
https://doi.org/10.1016/j.cej.2024.149493
https://doi.org/10.1016/j.ijbiomac.2023.127298
https://doi.org/10.1016/j.ijbiomac.2023.127529
https://doi.org/10.1016/j.ijbiomac.2023.123494
https://www.ncbi.nlm.nih.gov/pubmed/36736977
https://doi.org/10.1016/j.ijbiomac.2018.09.131
https://www.ncbi.nlm.nih.gov/pubmed/30267813
https://doi.org/10.1007/s10719-022-10093-5
https://www.ncbi.nlm.nih.gov/pubmed/36447107
https://doi.org/10.1021/acsbiomaterials.9b01101
https://www.ncbi.nlm.nih.gov/pubmed/33463240
https://doi.org/10.1016/j.ijbiomac.2025.143730
https://www.ncbi.nlm.nih.gov/pubmed/40316112
https://doi.org/10.1021/acsabm.2c00670
https://www.ncbi.nlm.nih.gov/pubmed/36270024
https://doi.org/10.1021/acsbiomaterials.3c00216
https://www.ncbi.nlm.nih.gov/pubmed/37178166
https://doi.org/10.1016/j.ijbiomac.2024.130647
https://www.ncbi.nlm.nih.gov/pubmed/38460627
https://doi.org/10.1021/acsami.1c02089
https://www.ncbi.nlm.nih.gov/pubmed/34000184
https://doi.org/10.1021/acs.biomac.5c00112
https://www.ncbi.nlm.nih.gov/pubmed/40153544
https://doi.org/10.1021/acsomega.5c06901
https://www.ncbi.nlm.nih.gov/pubmed/41078762
https://doi.org/10.1021/acsabm.6c00243
https://www.ncbi.nlm.nih.gov/pubmed/41941292
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 33 of 38

62. Zhu, Y.; Yang, S.; Zhou, J.; Zhang, Z.; Hu, Y.; Xu, Q.; Zhou, Y.; Xu, Y. An Injectable Triple-Responsive Chitosan-Based Hy-
drogel Encapsulating QCT-Cu Self-Assembled Nanoparticles Accelerating Diabetic Wound Healing via Remodeling the Local
Microenvironment. Carbohydr. Polym. 2025, 363, 123706. [CrossRef] [PubMed]

63. Liu, H.; Nail, A.; Meng, D.; Zhu, L.; Guo, X.; Li, C.; Li, H. 3D Printed Eutectogel Dissolving Microneedles Patch Loaded with
Chitosan-Based Nanoparticles for Diabetic Wound Management. Int. J. Biol. Macromol. 2025, 307, 142018. [CrossRef] [PubMed]

64. He, J.; Dong, T.; Zhou, F.; Omer, A.M.; Ouyang, X.-K.; Mei, L.; Wang, N. Chitosan-Based Glucose-Responsive Hydrogel with
Spatiotemporally Controlled Bactericidal Release for Diabetic Wound Regeneration via Multimodal Therapy. Carbohydr. Polym.
2026, 373, 124446. [CrossRef] [PubMed]

65. Zhang, J.; Zhao, S.; Zhou, Y.; Liang, H.; Zhao, L.; Tan, H. Carboxymethyl Chitosan-Based Antioxidant Hydrogel Accelerates
Diabetic Wound Healing. Adv. Healthc. Mater. 2025, 14, e2403198. [CrossRef] [PubMed]

66. Saravanakumar, I.; Thangavel, P.; Muthuvijayan, V. L-Arginine-Loaded Oxidized Isabgol/Chitosan-Based Biomimetic Composite
Scaffold Accelerates Collagen Synthesis, Vascularization, and Re-Epithelialization during Wound Healing in Diabetic Rats. ACS
Appl. Bio Mater. 2024, 7, 6162–6174. [CrossRef] [PubMed]

67. Wei, X.; Liu, C.; Li, Z.; Gu, Z.; Yang, J.; Luo, K. Chitosan-Based Hydrogel Dressings for Diabetic Wound Healing via Promoting
M2 Macrophage-Polarization. Carbohydr. Polym. 2024, 331, 121873. [CrossRef] [PubMed]

68. Liu, H.; Chen, R.; Wang, P.; Fu, J.; Tang, Z.; Xie, J.; Ning, Y.; Gao, J.; Zhong, Q.; Pan, X.; et al. Electrospun Polyvinyl Alcohol-
Chitosan Dressing Stimulates Infected Diabetic Wound Healing with Combined Reactive Oxygen Species Scavenging and
Antibacterial Abilities. Carbohydr. Polym. 2023, 316, 121050. [CrossRef] [PubMed]

69. Li, C.; Chang, F.; Gao, F.; Wang, Y.; Sun, Z.; Zhao, L.; Yang, Y.; Wang, H.; Dong, L.; Zheng, X.; et al. Chitosan-Based Composite
Film Dressings with Efficient Self-Diagnosis and Synergistically Inflammation Resolution for Accelerating Diabetic Wound
Healing. Appl. Surf. Sci. 2024, 642, 158578. [CrossRef]

70. Wang, X.F.; Li, M.L.; Fang, Q.Q.; Zhao, W.Y.; Lou, D.; Hu, Y.Y.; Chen, J.; Wang, X.Z.; Tan, W.Q. Flexible Electrical Stimulation
Device with Chitosan-Vaseline® Dressing Accelerates Wound Healing in Diabetes. Bioact. Mater. 2021, 6, 230–243. [CrossRef]
[PubMed]

71. Dai, Y.; Zhang, Q.; Gu, R.; Chen, J.; Ye, P.; Zhu, H.; Tang, M.; Nie, X. Metal Ion Formulations for Diabetic Wound Healing:
Mechanisms and Therapeutic Potential. Int. J. Pharm. 2024, 667, 124889. [CrossRef] [PubMed]

72. Fu, Y.; Hou, L.; Han, K.; Zhao, C.; Hu, H.; Yin, S. The Physiological Role of Copper: Dietary Sources, Metabolic Regulation, and
Safety Concerns. Clin. Nutr. 2025, 48, 161–179. [CrossRef] [PubMed]

73. Sandoval, C.; Ríos, G.; Sepúlveda, N.; Salvo, J.; Souza-Mello, V.; Farías, J. Effectiveness of Copper Nanoparticles in Wound
Healing Process Using In Vivo and In Vitro Studies: A Systematic Review. Pharmaceutics 2022, 14, 1838. [CrossRef] [PubMed]

74. Ermini, M.L.; Voliani, V. Antimicrobial Nano-Agents: The Copper Age. ACS Nano 2021, 15, 6008–6029. [CrossRef] [PubMed]
75. Li, S.; Wang, X.; Chen, J.; Guo, J.; Yuan, M.; Wan, G.; Yan, C.; Li, W.; Machens, H.G.; Rinkevich, Y.; et al. Calcium Ion Cross-Linked

Sodium Alginate Hydrogels Containing Deferoxamine and Copper Nanoparticles for Diabetic Wound Healing. Int. J. Biol.
Macromol. 2022, 202, 657–670. [CrossRef] [PubMed]

76. Salvo, J.; Sandoval, C. Role of Copper Nanoparticles in Wound Healing for Chronic Wounds: Literature Review. Burn. Trauma
2022, 10, tkab047. [CrossRef] [PubMed]

77. Geng, X.; Liu, K.; Wang, J.; Su, X.; Shi, Y.; Zhao, L. Preparation of Ultra-Small Copper Nanoparticles-Loaded Self-Healing
Hydrogels with Antibacterial, Inflammation-Suppressing and Angiogenesis-Enhancing Properties for Promoting Diabetic Wound
Healing. Int. J. Nanomed. 2023, 18, 3339–3358. [CrossRef] [PubMed]

78. Amer, T.A.M.; Palanisamy, S.; So, P.B.; Vijayaraghavan, P.; Tzou, S.C.; Lu, T.T.; Lin, C.H.; Wang, Y.M. Sustained Releasable Copper
and Zinc Biogenic Ions Co-Assembled in Metal-Organic Frameworks Reinforced Bacterial Eradication and Wound Mitigation in
Diabetic Mice. Bioconjug. Chem. 2023, 34, 1688–1703. [CrossRef] [PubMed]

79. Stiles, L.I.; Ferrao, K.; Mehta, K.J. Role of Zinc in Health and Disease. Clin. Exp. Med. 2024, 24, 38. [CrossRef] [PubMed]
80. Lopez, E.A.; Zand, N.; Ojo, O.; Kochhar, T. Systematic Review and Meta-Analysis of the Effect of Zinc on Wound Healing. BMJ

Nutr. Prev. Health 2025, 8, 306–313. [CrossRef] [PubMed]
81. Mutlu, N.; Liverani, L.; Kurtuldu, F.; Galusek, D.; Boccaccini, A.R. Zinc Improves Antibacterial, Anti-Inflammatory and Cell

Motility Activity of Chitosan for Wound Healing Applications. Int. J. Biol. Macromol. 2022, 213, 845–857. [CrossRef] [PubMed]
82. Zheng, Q.; Chen, C.; Liu, Y.; Gao, J.; Li, L.; Yin, C.; Yuan, X. Metal Nanoparticles: Advanced and Promising Technology in Diabetic

Wound Therapy. Int. J. Nanomed. 2024, 19, 965–992. [CrossRef] [PubMed]
83. Li, Q.; Hou, Y.; Sun, D.; Zhu, C.; Wu, R.; Feng, G.; Zhang, L.; Song, Y. Natural Protein-Based Multifunctional Hydrogel Dressing

Formed by Rapid Photocuring and Zinc Ion Coordination to Accelerate Wound Healing. ACS Appl. Mater. Interfaces 2025, 17,
5719–5734. [CrossRef] [PubMed]

84. Zhang, M.; Xu, W.; Li, X.; Ling, G.; Zhang, P. Tunicate-Mimetic Antibacterial Hydrogel Based on Metal Ion Crosslinking and
Chitosan Functionalization for Wound Healing. Int. J. Biol. Macromol. 2023, 244, 125062. [CrossRef] [PubMed]

https://doi.org/10.3390/md24100347

https://doi.org/10.1016/j.carbpol.2025.123706
https://www.ncbi.nlm.nih.gov/pubmed/40441823
https://doi.org/10.1016/j.ijbiomac.2025.142018
https://www.ncbi.nlm.nih.gov/pubmed/40081721
https://doi.org/10.1016/j.carbpol.2025.124446
https://www.ncbi.nlm.nih.gov/pubmed/41320346
https://doi.org/10.1002/adhm.202403198
https://www.ncbi.nlm.nih.gov/pubmed/39716833
https://doi.org/10.1021/acsabm.4c00729
https://www.ncbi.nlm.nih.gov/pubmed/39152909
https://doi.org/10.1016/j.carbpol.2024.121873
https://www.ncbi.nlm.nih.gov/pubmed/38388059
https://doi.org/10.1016/j.carbpol.2023.121050
https://www.ncbi.nlm.nih.gov/pubmed/37321740
https://doi.org/10.1016/j.apsusc.2023.158578
https://doi.org/10.1016/j.bioactmat.2020.08.003
https://www.ncbi.nlm.nih.gov/pubmed/32913931
https://doi.org/10.1016/j.ijpharm.2024.124889
https://www.ncbi.nlm.nih.gov/pubmed/39481815
https://doi.org/10.1016/j.clnu.2025.03.023
https://www.ncbi.nlm.nih.gov/pubmed/40220473
https://doi.org/10.3390/pharmaceutics14091838
https://www.ncbi.nlm.nih.gov/pubmed/36145586
https://doi.org/10.1021/acsnano.0c10756
https://www.ncbi.nlm.nih.gov/pubmed/33792292
https://doi.org/10.1016/j.ijbiomac.2022.01.080
https://www.ncbi.nlm.nih.gov/pubmed/35066024
https://doi.org/10.1093/burnst/tkab047
https://www.ncbi.nlm.nih.gov/pubmed/35071652
https://doi.org/10.2147/IJN.S399933
https://www.ncbi.nlm.nih.gov/pubmed/37361387
https://doi.org/10.1021/acs.bioconjchem.3c00325
https://www.ncbi.nlm.nih.gov/pubmed/37552618
https://doi.org/10.1007/s10238-024-01302-6
https://www.ncbi.nlm.nih.gov/pubmed/38367035
https://doi.org/10.1136/bmjnph-2024-000952
https://www.ncbi.nlm.nih.gov/pubmed/40771531
https://doi.org/10.1016/j.ijbiomac.2022.05.199
https://www.ncbi.nlm.nih.gov/pubmed/35667458
https://doi.org/10.2147/IJN.S434693
https://www.ncbi.nlm.nih.gov/pubmed/38293611
https://doi.org/10.1021/acsami.4c16083
https://www.ncbi.nlm.nih.gov/pubmed/39804051
https://doi.org/10.1016/j.ijbiomac.2023.125062
https://www.ncbi.nlm.nih.gov/pubmed/37247717
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 34 of 38

85. Diba, M.; Goudouri, O.M.; Tapia, F.; Boccaccini, A.R. Magnesium-Containing Bioactive Polycrystalline Silicate-Based Ceramics
and Glass-Ceramics for Biomedical Applications. Curr. Opin. Solid State Mater. Sci. 2014, 18, 147–167. [CrossRef]

86. Volpe, S.L. Magnesium in Disease Prevention and Overall Health. Adv. Nutr. 2013, 4, 378S–383S. [CrossRef] [PubMed]
87. Kim, Y.J.; Song, Y.; Choe, G.; Yoo, J.; Choi, J.; Jung, Y. Magnesium-Loaded Collagen/Hyaluronic Acid-Catechol Hydrogel

Cross-Linked by Visible Light for Infected Wound Healing. ACS Appl. Bio Mater. 2025, 8, 11036–11046. [CrossRef] [PubMed]
88. Lekhavadhani, S.; Babu, S.; Shanmugavadivu, A.; Selvamurugan, N. Advances in Magnesium-Incorporated Polymeric Scaffolds:

A next-Generation Strategy for Enhanced Wound Healing. J. Magnes. Alloys 2026, 14, 101931. [CrossRef]
89. Yoshino, Y.; Teruya, T.; Miyamoto, C.; Hirose, M.; Endo, S.; Ikari, A. Unraveling the Mechanisms Involved in the Beneficial Effects

of Magnesium Treatment on Skin Wound Healing. Int. J. Mol. Sci. 2024, 25, 4994. [CrossRef] [PubMed]
90. Aldakheel, F.M.; Mohsen, D.; El Sayed, M.M.; Alawam, K.A.; Binshaya, A.K.S.; Alduraywish, S.A. Silver Nanoparticles Loaded

on Chitosan-g-PVA Hydrogel for the Wound-Healing Applications. Molecules 2023, 28, 3241. [CrossRef] [PubMed]
91. Chen, L.L.; Shi, W.P.; Zhang, T.D.; Lin, W.J.; Zhou, Y.Q.; Jin, X.Q.; Liang, H.; Guo, W.H.; Yin, D.C. Synthesis of Silver Nanoparticles

Using Lysozyme for Scald-Wound Healing. ACS Appl. Nano Mater. 2023, 6, 17778–17791. [CrossRef]
92. Singla, R.; Soni, S.; Patial, V.; Kulurkar, P.M.; Kumari, A.; Mahesh, S.; Padwad, Y.S.; Yadav, S.K. In Vivo Diabetic Wound Healing

Potential of Nanobiocomposites Containing Bamboo Cellulose Nanocrystals Impregnated with Silver Nanoparticles. Int. J. Biol.
Macromol. 2017, 105, 45–55. [CrossRef] [PubMed]

93. Miranda, R.R.; Sampaio, I.; Zucolotto, V. Exploring Silver Nanoparticles for Cancer Therapy and Diagnosis. Colloids Surf. B
Biointerfaces 2022, 210, 112254. [CrossRef] [PubMed]

94. Qubtia, M.; Ghumman, S.A.; Noreen, S.; Hameed, H.; Noureen, S.; Kausar, R.; Irfan, A.; Akhtar Shah, P.; Afzal, H.; Hameed, M.;
et al. Evaluation of Plant-Based Silver Nanoparticles for Antioxidant Activity and Promising Wound-Healing Applications. ACS
Omega 2024, 9, 12146–12157. [CrossRef] [PubMed]

95. Zhang, M.; Xu, W.; Gao, Y.; Zhou, N.; Wang, W. Manganese-Iron Dual Single-Atom Catalyst with Enhanced Nanozyme Activity
for Wound and Pustule Disinfection. ACS Appl. Mater. Interfaces 2023, 15, 42227–42240. [CrossRef] [PubMed]

96. Wan, Y.; Fang, J.; Wang, Y.; Sun, J.; Sun, Y.; Sun, X.; Qi, M.; Li, W.; Li, C.; Zhou, Y.; et al. Antibacterial Zeolite Imidazole
Frameworks with Manganese Doping for Immunomodulation to Accelerate Infected Wound Healing. Adv. Healthc. Mater. 2021,
10, 2101515. [CrossRef] [PubMed]

97. Davidson, E.; Pereira, J.; Gan Giannelli, G.; Murphy, Z.; Anagnostopoulos, V.; Santra, S. Multi-Functional Chitosan Nanovesicles
Loaded with Bioactive Manganese for Potential Wound Healing Applications. Molecules 2023, 28, 6098. [CrossRef] [PubMed]

98. Haque, S.; Kotcherlakota, R.; Bhamidipati, P.; Muralidharan, K.; Sreedhar, B.; Amanchy, R.; Patra, C.R. Smartly Engineered Casein
Manganese Oxide Nanobiomaterials and Its Potential Therapeutic Angiogenesis Applications for Wound Healing and Limb
Ischemia. Adv. Ther. 2023, 6, 2300142. [CrossRef]

99. Wu, Z.; Zhuang, H.; Ma, B.; Xiao, Y.; Koc, B.; Zhu, Y.; Wu, C. Manganese-Doped Calcium Silicate Nanowire Composite Hydrogels
for Melanoma Treatment and Wound Healing. Research 2021, 2021, 9780943. [CrossRef] [PubMed]

100. Xie, Q.; Wang, J.; Huang, G.; Dai, J. Silver Dressings for Treating Diabetic Foot Ulcers: A Systematic Review and Meta-Analysis. J.
Tissue Viability 2025, 34, 100956. [CrossRef] [PubMed]

101. Liu, Y.; Wu, X.; Su, X.; Li, X. Therapeutic Metal Ions: Engineering Biomaterials for Multimodal Disease Treatment. Int. J. Nanomed.
2026, 21, 603122. [CrossRef] [PubMed]

102. Sampath, S.; Sunderam, V.; Manjusha, M.; Dlamini, Z.; Lawrance, A.V. Selenium Nanoparticles: A Comprehensive Examination
of Synthesis Techniques and Their Diverse Applications in Medical Research and Toxicology Studies. Molecules 2024, 29, 801.
[CrossRef] [PubMed]

103. Tian, J.; Dong, X.; Sabola, E.E.; Wang, Y.; Chen, K.; Zhu, M.; Dai, B.; Zhang, S.; Guo, F.; Shi, K.; et al. Sequential Regulation of
Local Reactive Oxygen Species by Ir@Cu/Zn-MOF Nanoparticles for Promoting Infected Wound Healing. ACS Biomater. Sci. Eng.
2024, 10, 3792–3805. [CrossRef] [PubMed]

104. Bhattacharjee, R.; Pallavi, P.; Bajrang, B.; Mandal, S.; Pradhan, L.; Nayak, M.; Mukherjee, S. Oxygen Generating Magnesium
Peroxide Nanoparticles by In-Situ Catalytic Reaction with Nano-manganese Oxide Promote Rapid Healing of Chronic Diabetic
Wounds. Biomater. Adv. 2026, 179, 214521. [CrossRef] [PubMed]

105. Li, Q.; Huang, S.; Wu, P. The Landscape of Ion-Releasing Biomaterials: From Preclinical Insights to Clinical Studies. Trends
Biotechnol. 2026, 44, 1853–1871. [CrossRef] [PubMed]

106. Varsha, A.; Bharathraj, A.; Shivanee, K.; Sahana, R.K.; Babu, S.; Selvamurugan, N. Unveiling the Potential of Inorganic
Nanoparticle-Based Scaffolds in Wound Healing: Advances in Antimicrobial and Regenerative Strategies. Nanoscale Adv.
2026, 8, 395–421. [CrossRef] [PubMed]

107. Hadrup, N.; Sharma, A.K.; Loeschner, K. Toxicity of Silver Ions, Metallic Silver, and Silver Nanoparticle Materials after in Vivo
Dermal and Mucosal Surface Exposure: A Review. Regul. Toxicol. Pharmacol. 2018, 98, 257–267. [CrossRef] [PubMed]

https://doi.org/10.3390/md24100347

https://doi.org/10.1016/j.cossms.2014.02.004
https://doi.org/10.3945/an.112.003483
https://www.ncbi.nlm.nih.gov/pubmed/23674807
https://doi.org/10.1021/acsabm.5c01725
https://www.ncbi.nlm.nih.gov/pubmed/41217784
https://doi.org/10.1016/j.jma.2025.10.017
https://doi.org/10.3390/ijms25094994
https://www.ncbi.nlm.nih.gov/pubmed/38732212
https://doi.org/10.3390/molecules28073241
https://www.ncbi.nlm.nih.gov/pubmed/37050003
https://doi.org/10.1021/acsanm.3c03009
https://doi.org/10.1016/j.ijbiomac.2017.06.109
https://www.ncbi.nlm.nih.gov/pubmed/28669805
https://doi.org/10.1016/j.colsurfb.2021.112254
https://www.ncbi.nlm.nih.gov/pubmed/34896692
https://doi.org/10.1021/acsomega.3c10489
https://www.ncbi.nlm.nih.gov/pubmed/38496949
https://doi.org/10.1021/acsami.3c08018
https://www.ncbi.nlm.nih.gov/pubmed/37658037
https://doi.org/10.1002/adhm.202101515
https://www.ncbi.nlm.nih.gov/pubmed/34558227
https://doi.org/10.3390/molecules28166098
https://www.ncbi.nlm.nih.gov/pubmed/37630350
https://doi.org/10.1002/adtp.202300142
https://doi.org/10.34133/2021/9780943
https://www.ncbi.nlm.nih.gov/pubmed/34041493
https://doi.org/10.1016/j.jtv.2025.100956
https://www.ncbi.nlm.nih.gov/pubmed/40997520
https://doi.org/10.2147/ijn.s603122
https://www.ncbi.nlm.nih.gov/pubmed/42152975
https://doi.org/10.3390/molecules29040801
https://www.ncbi.nlm.nih.gov/pubmed/38398553
https://doi.org/10.1021/acsbiomaterials.4c00261
https://www.ncbi.nlm.nih.gov/pubmed/38814749
https://doi.org/10.1016/J.BIOADV.2025.214521
https://www.ncbi.nlm.nih.gov/pubmed/41027390
https://doi.org/10.1016/j.tibtech.2025.11.007
https://www.ncbi.nlm.nih.gov/pubmed/41455608
https://doi.org/10.1039/d5na00945f
https://www.ncbi.nlm.nih.gov/pubmed/41357472
https://doi.org/10.1016/j.yrtph.2018.08.007
https://www.ncbi.nlm.nih.gov/pubmed/30125612
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 35 of 38

108. Hu, F.; Ji, L.; Chen, H.; He, X.; Huang, H.; Wang, M.; Sun, W.; Ding, X.; Yang, L. Curcumin-Loaded Copper/Iron Bimetallic
Nanoparticle-Incorporated Hydrogel Scaffold: A Sequential Microenvironment Reprogramming Platform for Accelerated Chronic
Wound Healing. J. Nanobiotechnol. 2026, 24, 268. [CrossRef] [PubMed]

109. Ferdous, Z.; Nemmar, A. Health Impact of Silver Nanoparticles: A Review of the Biodistribution and Toxicity Following Various
Routes of Exposure. Int. J. Mol. Sci. 2020, 21, 2375. [CrossRef] [PubMed]

110. Zhou, D.; Zeng, T.; Suo, N.; Yin, X.; Zhang, S.; Lu, Z. Engineering Metal-Ion Microenvironment Modulation for Spinal Cord
Injury: From Controlled Release Platforms to Regeneration. Front. Mater. 2026, 13, 1831574. [CrossRef]

111. El Turk, S.; Chekkaramkodi, D.; Ram P, A.; Soliman, A.; Schiffer, A.; Zheng, L.; Butt, H. Role of Metal Nanomaterials in Wound
Healing—A Review. Front. Bioeng. Biotechnol. 2026, 13, 1665218. [CrossRef] [PubMed]

112. More, S.J.; Bampidis, V.; Benford, D.; Bragard, C.; Halldorsson, T.I.; Hernández-Jerez, A.F.; Bennekou, S.H.; Koutsoumanis, K.;
Lambré, C.; Machera, K.; et al. Re-Evaluation of the Existing Health-Based Guidance Values for Copper and Exposure Assessment
from All Sources. EFSA J. 2023, 21, e07728. [CrossRef] [PubMed]

113. Mendes, C.; Thirupathi, A.; Corrêa, M.E.A.B.; Gu, Y.; Silveira, P.C.L. The Use of Metallic Nanoparticles in Wound Healing: New
Perspectives. Int. J. Mol. Sci. 2022, 23, 15376. [CrossRef] [PubMed]

114. EFSA Panel on Food Contact Materials; Enzymes; Flavourings and Processing Aids (CEF). Safety Assessment of the Substance
Zinc Oxide, Nanoparticles, for Use in Food Contact Materials. EFSA J. 2016, 14, 4408. [CrossRef]

115. Xia, D.; Shi, X.; Chen, K.; Hao, A.; Iseri, Y. Understanding the Mechanisms behind the Antibacterial Activity of Magnesium
Hydroxide Nanoparticles against Sulfate-Reducing Bacteria in Sediments. Sci. Rep. 2024, 14, 21831. Correction in Sci. Rep. 2024,
14, 27535. https://doi.org/10.1038/s41598-024-76930-9. [CrossRef] [PubMed]

116. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on Dietary Reference Values for Magnesium.
EFSA J. 2015, 13, 4186. [CrossRef] [PubMed]

117. Kushwaha, A.; Goswami, L.; Kim, B.S. Nanomaterial-Based Therapy for Wound Healing. Nanomaterials 2022, 12, 618. [CrossRef]
[PubMed]

118. Lambré, C.; Barat Baviera, J.M.; Bolognesi, C.; Chesson, A.; Cocconcelli, P.S.; Crebelli, R.; Gott, D.M.; Grob, K.; Lampi, E.;
Mengelers, M.; et al. Safety Assessment of the Substance Silver Nanoparticles for Use in Food Contact Materials. EFSA J. 2021, 19,
e06790. [CrossRef] [PubMed]

119. Awais, M.; Aizaz, A.; Nazneen, A.; Bhatti, Q.U.A.; Akhtar, M.; Wadood, A.; Atiq Ur Rehman, M. A Review on the Recent
Advancements on Therapeutic Effects of Ions in the Physiological Environments. Prosthesis 2022, 4, 263–316. [CrossRef]

120. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on Dietary Reference Values for Manganese.
EFSA J. 2013, 11, 3419. [CrossRef]

121. Mehrabi, T.; Mesgar, A.S.; Mohammadi, Z. Bioactive Glasses: A Promising Therapeutic Ion Release for Enhancing Wound Healing.
ACS Biomater. Sci. Eng. 2020, 6, 5399–5430. [CrossRef] [PubMed]

122. Dong, Y.; Zhang, Y.; Wu, J.; Yang, Y.; Zhang, Y.; Zhu, Z.; Noor, R.; Hussain, J.; Shao, L.; Xing, Y. Stimuli-Responsive Nanomaterials
for Wound Healing: Advances and Emerging Directions. Theranostics 2026, 16, 7029–7066. [CrossRef] [PubMed]

123. Liu, S.; Lin, Z.; Qiao, W.; Chen, B.; Shen, J. Cross-Talk between Biometal Ions and Immune Cells for Bone Repair. Eng. Regen. 2024,
5, 375–408. [CrossRef]

124. Vasconcelos, D.M.; Santos, S.G.; Lamghari, M.; Barbosa, M.A. The Two Faces of Metal Ions: From Implants Rejection to Tissue
Repair/Regeneration. Biomaterials 2016, 84, 262–275. [CrossRef] [PubMed]

125. Zeng, W.N.; Wang, D.; Yu, Q.P.; Yu, Z.P.; Wang, H.Y.; Wu, C.Y.; Du, S.W.; Chen, X.Y.; Li, J.F.; Zhou, Z.K.; et al. Near-Infrared
Light-Controllable Multifunction Mesoporous Polydopamine Nanocomposites for Promoting Infected Wound Healing. ACS
Appl. Mater. Interfaces 2022, 14, 2534–2550. [CrossRef] [PubMed]

126. Hong, Y.; Su, Q.; Wu, X.; Zhang, Q.; Sun, J.; Wang, Y.; Su, J. Biocompatible Mesoporous Silica: A Novel Nanomaterial for Skin
Wound Healing. Chin. Chem. Lett. 2026, 37, 111846. [CrossRef]

127. Muñoz, M.; Flores, D.; Morillo, G.; Narváez, R.; Marcilla, A.; Rosero, M. Comprehensive Review of SBA-15 Mesoporous Silica:
Functionalization Strategies, Diffusion Mechanisms, and Emerging Applications. Sustain. Chem. 2025, 6, 42. [CrossRef]

128. Boccardi, E.; Philippart, A.; Beltrán, A.M.; Schmidt, J.; Liverani, L.; Peukert, W.; Boccaccini, A.R. Biodegradabiliy of Spherical
Mesoporous Silica Particles (MCM-41) in Simulated Body Fluid (SBF). Am. Miner. 2018, 103, 350–354. [CrossRef]

129. Manzano, M.; Vallet-Regí, M. Mesoporous Silica Nanoparticles in Biomedicine: Advances and Prospects. Adv. Mater. 2025, 38,
e12433. [CrossRef] [PubMed]

130. Fotie, J. Applications of Tailored Mesoporous Silicate Nanomaterials in Regenerative Medicine and Theranostics. Int. J. Mol. Sci.
2025, 26, 7918. [CrossRef] [PubMed]

131. Anilkumar, B.; Sunil, S.; Hariharan, P.; Yamuna, R.; Pandurangan, N. Silica-Based (SBA-15) Sustainable Materials and Their
Recent Advances in Biomedical Applications. Inorganica Chim. Acta 2025, 585, 122766. [CrossRef]

132. Spiridon, I.A.; Căruntu, I.D.; Spiridon, I.; Brăescu, R. Insight into Potential Biomedical Application of Mesoporous Materials.
Pharmaceutics 2022, 14, 2382. [CrossRef] [PubMed]

https://doi.org/10.3390/md24100347

https://doi.org/10.1186/s12951-026-04139-1
https://www.ncbi.nlm.nih.gov/pubmed/41709316
https://doi.org/10.3390/ijms21072375
https://www.ncbi.nlm.nih.gov/pubmed/32235542
https://doi.org/10.3389/fmats.2026.1831574
https://doi.org/10.3389/fbioe.2025.1665218
https://www.ncbi.nlm.nih.gov/pubmed/41907509
https://doi.org/10.2903/j.efsa.2023.7728
https://www.ncbi.nlm.nih.gov/pubmed/36694841
https://doi.org/10.3390/ijms232315376
https://www.ncbi.nlm.nih.gov/pubmed/36499707
https://doi.org/10.2903/j.efsa.2016.4408
https://doi.org/10.1038/s41598-024-76930-9
https://doi.org/10.1038/s41598-024-72516-7
https://www.ncbi.nlm.nih.gov/pubmed/39294256
https://doi.org/10.2903/j.efsa.2015.4186
https://www.ncbi.nlm.nih.gov/pubmed/42109801
https://doi.org/10.3390/nano12040618
https://www.ncbi.nlm.nih.gov/pubmed/35214947
https://doi.org/10.2903/j.efsa.2021.6790
https://www.ncbi.nlm.nih.gov/pubmed/34400977
https://doi.org/10.3390/prosthesis4020026
https://doi.org/10.2903/j.efsa.2013.3419
https://doi.org/10.1021/acsbiomaterials.0c00528
https://www.ncbi.nlm.nih.gov/pubmed/33320556
https://doi.org/10.7150/thno.133095
https://www.ncbi.nlm.nih.gov/pubmed/42244990
https://doi.org/10.1016/j.engreg.2024.01.003
https://doi.org/10.1016/j.biomaterials.2016.01.046
https://www.ncbi.nlm.nih.gov/pubmed/26851391
https://doi.org/10.1021/acsami.1c19209
https://www.ncbi.nlm.nih.gov/pubmed/34985258
https://doi.org/10.1016/j.cclet.2025.111846
https://doi.org/10.3390/suschem6040042
https://doi.org/10.2138/am-2018-6281
https://doi.org/10.1002/adma.202512433
https://www.ncbi.nlm.nih.gov/pubmed/40852805
https://doi.org/10.3390/ijms26167918
https://www.ncbi.nlm.nih.gov/pubmed/40869241
https://doi.org/10.1016/j.ica.2025.122766
https://doi.org/10.3390/pharmaceutics14112382
https://www.ncbi.nlm.nih.gov/pubmed/36365200
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 36 of 38

133. Tarn, D.; Ashley, C.E.; Xue, M.; Carnes, E.C.; Zink, J.I.; Brinker, C.J. Mesoporous Silica Nanoparticle Nanocarriers: Biofunctionality
and Biocompatibility. Acc. Chem. Res. 2013, 46, 792–801. [CrossRef] [PubMed]

134. Sanità, G.; Carrese, B.; Lamberti, A. Nanoparticle Surface Functionalization: How to Improve Biocompatibility and Cellular
Internalization. Front. Mol. Biosci. 2020, 7, 587012. [CrossRef] [PubMed]

135. Arias, A.N.; Páez Jerez, A.L.; Tesio, Á.Y.; Serrano, M.R.; Bonini, N.A.; Parentis, M.L. Optimization of Surface Silanol Groups in
Mesoporous SBA-15 and KIT-6 Materials: Effects on APTES Functionalization and CO2 Adsorption. Microporous Mesoporous
Mater. 2025, 382, 113394. [CrossRef]

136. Vargas-Osorio, Z.; Klotschan, A.; Arango-Ospina, M.; Piñeiro, Y.; Liverani, L.; Rivas, J.; Michálek, M.; Galusek, D.; Boccaccini, A.R.
Effect of Glycerol and H3PO4 on the Bioactivity and Degradability of Rod-like SBA-15 Particles with Active Surface for Bone
Tissue Engineering Applications. Microporous Mesoporous Mater. 2022, 329, 111543. [CrossRef]
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146. Wyszogrodzka-Gaweł, G.; Stróżyk, M.; Skoda, M.; Osial, M.; Baran, E.; Mendyk, A. Target, Treat, and Track: Superparamagnetic
Iron Oxide Nanoparticles (SPION) Driven Theranostic Delivery of Antimicrobials to the Lungs. Nanotechnol. Sci. Appl. 2025, 18,
405–421. [CrossRef] [PubMed]

147. Piñeiro, Y.; Vargas, Z.; Rivas, J.; Lõpez-Quintela, M.A. Iron Oxide Based Nanoparticles for Magnetic Hyperthermia Strategies in
Biological Applications. Eur. J. Inorg. Chem. 2015, 2015, 4495–4509. [CrossRef]

148. Santhosh, P.B.; Ulrih, N.P. Multifunctional Superparamagnetic Iron Oxide Nanoparticles: Promising Tools in Cancer Theranostics.
Cancer Lett. 2013, 336, 8–17. [CrossRef] [PubMed]

149. Ereath Beeran, A.; Fernandez, F.B.; Varma, P.R.H. Self-Controlled Hyperthermia & MRI Contrast Enhancement via Iron Oxide
Embedded Hydroxyapatite Superparamagnetic Particles for Theranostic Application. ACS Biomater. Sci. Eng. 2019, 5, 106–113.
[CrossRef] [PubMed]

150. Xiong, L.; Liang, B.; Yu, K. Magnetic Hyperthermia in Oncology: Nanomaterials-Driven Combinatorial Strategies for Synergistic
Therapeutic Gains. Mater. Today Bio 2025, 33, 102070. [CrossRef] [PubMed]

151. Xie, S.; Zhang, B.; Wang, L.; Wang, J.; Li, X.; Yang, G.; Gao, F. Superparamagnetic Iron Oxide Nanoparticles Coated with Different
Polymers and Their MRI Contrast Effects in the Mouse Brains. Appl. Surf. Sci. 2015, 326, 32–38. [CrossRef]

152. Wahsner, J.; Gale, E.M.; Rodríguez-Rodríguez, A.; Caravan, P. Chemistry of MRI Contrast Agents: Current Challenges and New
Frontiers. Chem. Rev. 2019, 119, 957–1057. [CrossRef] [PubMed]

153. Sharma, S.; Shukla, S.K.; Govender, K.K.; Govender, P.P. Emerging Role of Iron Oxide Nanoparticles in Wound Healing. Next
Nanotechnol. 2025, 8, 100291. [CrossRef]

154. Mosayebi, J.; Kiyasatfar, M.; Laurent, S. Synthesis, Functionalization, and Design of Magnetic Nanoparticles for Theranostic
Applications. Adv. Healthc. Mater. 2017, 6, 1700306. [CrossRef] [PubMed]

155. Wolf, S.J.; Melvin, W.J.; Gallagher, K. Macrophage-Mediated Inflammation in Diabetic Wound Repair. Semin. Cell Dev. Biol. 2021,
119, 111–118. [CrossRef] [PubMed]

https://doi.org/10.3390/md24100347

https://doi.org/10.1021/ar3000986
https://www.ncbi.nlm.nih.gov/pubmed/23387478
https://doi.org/10.3389/fmolb.2020.587012
https://www.ncbi.nlm.nih.gov/pubmed/33324678
https://doi.org/10.1016/j.micromeso.2024.113394
https://doi.org/10.1016/j.micromeso.2021.111543
https://doi.org/10.1208/s12249-018-1243-5
https://www.ncbi.nlm.nih.gov/pubmed/30574669
https://doi.org/10.1016/j.msec.2019.110267
https://www.ncbi.nlm.nih.gov/pubmed/31761248
https://doi.org/10.1002/adfm.201402755
https://doi.org/10.1016/j.biomaterials.2017.10.018
https://www.ncbi.nlm.nih.gov/pubmed/29078200
https://doi.org/10.3389/fbioe.2022.825339
https://www.ncbi.nlm.nih.gov/pubmed/35402406
https://doi.org/10.1016/j.jddst.2025.107575
https://doi.org/10.1016/j.nantod.2024.102554
https://doi.org/10.1016/j.ebiom.2025.106054
https://www.ncbi.nlm.nih.gov/pubmed/41343885
https://doi.org/10.1007/s12668-025-02144-6
https://doi.org/10.2147/NSA.S539424
https://www.ncbi.nlm.nih.gov/pubmed/41019409
https://doi.org/10.1002/ejic.201500598
https://doi.org/10.1016/j.canlet.2013.04.032
https://www.ncbi.nlm.nih.gov/pubmed/23664890
https://doi.org/10.1021/acsbiomaterials.8b00244
https://www.ncbi.nlm.nih.gov/pubmed/33405868
https://doi.org/10.1016/j.mtbio.2025.102070
https://www.ncbi.nlm.nih.gov/pubmed/40688660
https://doi.org/10.1016/j.apsusc.2014.11.099
https://doi.org/10.1021/acs.chemrev.8b00363
https://www.ncbi.nlm.nih.gov/pubmed/30350585
https://doi.org/10.1016/j.nxnano.2025.100291
https://doi.org/10.1002/adhm.201700306
https://www.ncbi.nlm.nih.gov/pubmed/28990364
https://doi.org/10.1016/j.semcdb.2021.06.013
https://www.ncbi.nlm.nih.gov/pubmed/34183242
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 37 of 38

156. Huang, K.; Mi, B.; Xiong, Y.; Fu, Z.; Zhou, W.; Liu, W.; Liu, G.; Dai, G. Angiogenesis during Diabetic Wound Repair: From
Mechanism to Therapy Opportunity. Burn. Trauma 2025, 13, tkae052. [CrossRef] [PubMed]

157. Piazza, R.D.; Viali, W.R.; Dos Santos, C.C.; Nunes, E.S.; Marques, R.F.C.; Morais, P.C.; Da Silva, S.W.; Coaquira, J.A.H.; Jafelicci, M.
PEGlatyon-SPION Surface Functionalization with Folic Acid for Magnetic Hyperthermia Applications. Mater. Res. Express 2020,
7, 015078. [CrossRef]

158. Chen, Y.; Hou, S. Recent Progress in the Effect of Magnetic Iron Oxide Nanoparticles on Cells and Extracellular Vesicles. Cell
Death Discov. 2023, 9, 195. [CrossRef] [PubMed]

159. Guo, Y.; Shi, Z.; Han, L.; Qin, X.; You, J.; Zhang, Q.; Chen, X.; Zhao, Y.; Sun, J.; Xia, Y. Infection-Sensitive SPION/PLGA Scaffolds
Promote Periodontal Regeneration via Antibacterial Activity and Macrophage-Phenotype Modulation. ACS Appl. Mater. Interfaces
2024, 16, 41855–41868. [CrossRef] [PubMed]

160. Liu, T.; Wang, Y.; Lu, L.; Liu, Y. SPIONs Mediated Magnetic Actuation Promotes Nerve Regeneration by Inducing and Maintaining
Repair-Supportive Phenotypes in Schwann Cells. J. Nanobiotechnol. 2022, 20, 159. [CrossRef] [PubMed]

161. Hashemi, S.S.; Niknam, Z.; Mojtaba Zebarjad, S.; Mehrabani, D.; Jalli, R.; Saeedi Moghadam, M.; Behroozi, R.; Zare, S.; Jamhiri, I.;
Derakhshanfar, A.; et al. Tracking the Healing Effect of Human Wharton’s Jelly Stem Cells Labeled with Superparamagnetic Iron
Oxide Nanoparticles Seeded onto Polyvinyl Alcohol/Chitosan/Carbon Nanotubes in Burn Wounds by MRI and Prussian Blue
Staining. Biomed. Mater. 2025, 20, 025037. [CrossRef] [PubMed]

162. Vargas-Osorio, Z.; da Silva-Candal, A.; Piñeiro, Y.; Iglesias-Rey, R.; Sobrino, T.; Campos, F.; Castillo, J.; Rivas, J. Multifunctional
Superparamagnetic Stiff Nanoreservoirs for Blood Brain Barrier Applications. Nanomaterials 2019, 9, 449. [CrossRef] [PubMed]

163. Vargas-Osorio, Z.; González-Gómez, M.A.; Piñeiro, Y.; Vázquez-Vázquez, C.; Rodríguez-Abreu, C.; López-Quintela, M.A.; Rivas,
J. Novel Synthetic Routes of Large-Pore Magnetic Mesoporous Nanocomposites (SBA-15/Fe3O4) as Potential Multifunctional
Theranostic Nanodevices. J. Mater. Chem. B 2017, 5, 9395–9404. [CrossRef] [PubMed]

164. Vargas-Osorio, Z.; Piñeiro, Y.; Vázquez-Vázquez, C.; Rodríguez-Abreu, C.; Álvarez-Pérez, M.A.; López-Quintela, M.A.; Rivas,
J. Magnetic Nanocomposites Based on Mesoporous Silica for Biomedical Applications. Int. J. Nanotechnol. 2016, 13, 648–658.
[CrossRef]

165. García-Acevedo, P.; Vargas-Osorio, Z.; Velasco, B.; González-Gómez, M.A.; Arnosa-Prieto, A.; de Castro-Alves, L.; Iglesias-Rey, R.;
Taboada, P.; Piñeiro, Y.; Rivas, J. Simple Thermal Treatment to Improve the MRI and Magnetic Hyperthermia Performance of
Hybrid Iron Oxide-Mesoporous Silica Nanocarriers. J. Mol. Liq. 2024, 398, 124299. [CrossRef]

166. Vargas-Osorio, Z.; Argibay, B.; Pineiro, Y.; Vazquez-Vazquez, C.; Lopez-Quintela, M.A.; Alvarez-Perez, M.A.; Sobrino, T.; Campos,
F.; Castillo, J.; Rivas, J. Multicore Magnetic Fe3O4@C Beads with Enhanced Magnetic Response for MRI in Brain Biomedical
Applications. IEEE Trans. Magn. 2016, 52, 2–5. [CrossRef]

167. Lapusan, R.; Borlan, R.; Focsan, M. Advancing MRI with Magnetic Nanoparticles: A Comprehensive Review of Translational
Research and Clinical Trials. Nanoscale Adv. 2024, 6, 2234–2259. [CrossRef] [PubMed]

168. Zhao, C.; Guo, Y.; Li, L.; Yang, M. Non-Invasive Techniques for Wound Assessment: A Comprehensive Review. Int. Wound J.
2024, 21, e70109. [CrossRef] [PubMed]

169. Chen, J.; Xia, W. Photoacoustic Imaging: A Unique Imaging Examination for the Assessment of Diabetic Vascular Disease. Front.
Clin. Diabetes Healthc. 2025, 6, 1651868. [CrossRef] [PubMed]

170. Álvarez, E.; Estévez, M.; Gallo-Cordova, A.; González, B.; Castillo, R.R.; Morales, M.D.P.; Colilla, M.; Izquierdo-Barba, I.; Vallet-
Regí, M. Superparamagnetic Iron Oxide Nanoparticles Decorated Mesoporous Silica Nanosystem for Combined Antibiofilm
Therapy. Pharmaceutics 2022, 14, 163. [CrossRef] [PubMed]

171. De Sousa, A.; De Souza, K.C.; Da Silva Leite, P.M.; De Sousa, R.G.; De Sousa, E.M.B. A Dual-Functional [SBA-15/Fe3O4/P(N-
IPAAm)] Hybrid System as a Potential Nanoplatform for Biomedical Application. J. Nanomater. 2014, 2014, 293624. [CrossRef]

172. Parmanik, A.; Bose, A.; Panigrahi, L.L.; Sahoo, R.N.; Nayak, A.K. Garlic Extract-Mediated SPIONs-Incorporated Nanohydrogel
for Enhanced Wound Healing Potential. Curr. Drug Deliv. 2025, 23, 232–244. [CrossRef] [PubMed]

173. Vargas-Osorio, Z.; Ruther, F.; Chen, S.; Sengupta, S.; Liverani, L.; Michálek, M.; Galusek, D.; Boccaccini, A.R. Environmentally
Friendly Fabrication of Electrospun Nanofibers Made of Polycaprolactone, Chitosan and κ-Carrageenan (PCL/CS/κ-C). Biomed.
Mater. 2022, 17, 045019. [CrossRef] [PubMed]

174. Vargas-Osorio, Z.; Luzardo-Álvarez, A.; Piñeiro, Y.; Vázquez-Vázquez, C.; Gómez-Amoza, J.L.; Blanco-Méndez, J.; Otero Espinar,
F.J.; Rivas, J. Three-Dimensional Hybrid Mesoporous Scaffolds for Simvastatin Sustained Delivery with in Vitro Cell Compatibility.
ACS Omega 2019, 4, 5496–5508. [CrossRef]

175. Rivas-Mundiña, B.; Vargas-Osorio, Z.; Yáñez-Vilar, S.; Rizk, M.; Piñeiro, Y.; Pérez-Sayáns, M.; Rivas, J. Hybrid Mesoporous
Nanostructured Scaffolds as Dielectric Biosimilar Restorative Materials. Biomed. Mater. Eng. 2021, 32, 243–255. [CrossRef]
[PubMed]

176. Vargas-Osorio, Z.; García-Acevedo, P.; Piñeiro, Y.; Michálek, M.; Luzardo-Álvarez, A.; Otero-Espinar, F.J.; Boccaccini, A.R.;
Rivas, J. Multifunctional Hybrid Chitosan/κ-Carrageenan Sponges Integrating Engineered SBA-15@Fe3O4 Composites and
Nano-Hydroxyapatite for Bone Tissue Engineering. Int. J. Biol. Macromol. 2026, 353, 151201. [CrossRef] [PubMed]

https://doi.org/10.3390/md24100347

https://doi.org/10.1093/burnst/tkae052
https://www.ncbi.nlm.nih.gov/pubmed/39927093
https://doi.org/10.1088/2053-1591/ab6700
https://doi.org/10.1038/s41420-023-01490-2
https://www.ncbi.nlm.nih.gov/pubmed/37380637
https://doi.org/10.1021/acsami.4c06430
https://www.ncbi.nlm.nih.gov/pubmed/39093305
https://doi.org/10.1186/s12951-022-01337-5
https://www.ncbi.nlm.nih.gov/pubmed/35351151
https://doi.org/10.1088/1748-605X/ad9fc6
https://www.ncbi.nlm.nih.gov/pubmed/39681069
https://doi.org/10.3390/nano9030449
https://www.ncbi.nlm.nih.gov/pubmed/30884908
https://doi.org/10.1039/c7tb01963g
https://www.ncbi.nlm.nih.gov/pubmed/32264542
https://doi.org/10.1504/IJNT.2016.079668
https://doi.org/10.1016/j.molliq.2024.124299
https://doi.org/10.1109/TMAG.2016.2529699
https://doi.org/10.1039/d3na01064c
https://www.ncbi.nlm.nih.gov/pubmed/38694462
https://doi.org/10.1111/iwj.70109
https://www.ncbi.nlm.nih.gov/pubmed/39567223
https://doi.org/10.3389/fcdhc.2025.1651868
https://www.ncbi.nlm.nih.gov/pubmed/41277905
https://doi.org/10.3390/pharmaceutics14010163
https://www.ncbi.nlm.nih.gov/pubmed/35057058
https://doi.org/10.1155/2014/293624
https://doi.org/10.2174/0115672018263115250212075106
https://www.ncbi.nlm.nih.gov/pubmed/39957697
https://doi.org/10.1088/1748-605X/ac6eaa
https://www.ncbi.nlm.nih.gov/pubmed/35545079
https://doi.org/10.1021/acsomega.8b03676
https://doi.org/10.3233/BME-201118
https://www.ncbi.nlm.nih.gov/pubmed/33780354
https://doi.org/10.1016/j.ijbiomac.2026.151201
https://www.ncbi.nlm.nih.gov/pubmed/41786166
https://doi.org/10.3390/md24100347


Mar. Drugs 2026, 24, 347 38 of 38

177. Matica, M.A.; Aachmann, F.L.; Tøndervik, A.; Sletta, H.; Ostafe, V. Chitosan as a Wound Dressing Starting Material: Antimicrobial
Properties and Mode of Action. Int. J. Mol. Sci. 2019, 20, 5889. [CrossRef] [PubMed]

178. Li, W. Applications of Chitosan-Based Hydrogels in Diabetic Wound Healing: A Review. Int. J. Biol. Macromol. 2025, 324, 147264.
[CrossRef] [PubMed]

179. Yang, W.; Yuan, H.; Sun, H.; Hu, J.; Xu, Y.; Li, Y.; Qiu, Y. Microenvironment Self-Adaptive Ce-Ag-Doped Mesoporous Silica
Nanomaterials (CA@MSNs) for Multidrug-Resistant Bacteria-Infected Diabetic Wound Treatment. Molecules 2025, 30, 1848.
[CrossRef] [PubMed]

180. Xu, B.; Li, S.; Shi, R.; Liu, H. Multifunctional Mesoporous Silica Nanoparticles for Biomedical Applications. Signal Transduct.
Target. Ther. 2023, 8, 435. [CrossRef] [PubMed]

181. de Sousa, M.E.; Fernández van Raap, M.B.; Rivas, P.C.; Mendoza Zélis, P.; Girardin, P.; Pasquevich, G.A.; Alessandrini, J.L.; Muraca,
D.; Sánchez, F.H. Stability and Relaxation Mechanisms of Citric Acid Magnetite Nanoparticles for Magnetic Hyperthermia. J.
Phys. Chem. C 2013, 117, 5436–5445. [CrossRef]
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