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Abstract

Chronic wounds, including diabetic foot ulcers, pressure ulcers, and venous leg ulcers, remain a
global healthcare burden due to persistent inflammation, impaired tissue repair, and high
susceptibility to infection. The rise of antibiotic-resistant pathogens and the prevalence of biofilms in
these wounds have limited the effectiveness of conventional therapies, highlighting the need for
advanced strategies that simultaneously control infection and promote healing. Biomaterial-based
approaches have emerged as promising solutions, offering multifunctional platforms that combine
antimicrobial activity with regenerative support. Natural and synthetic polymers, antimicrobial
peptide-loaded scaffolds, metal oxide nanoparticles, bacteriophages-loaded biomaterials and hybrid
composites have demonstrated the ability to disrupt biofilms, deliver targeted therapeutics, and
create environments favorable for cell proliferation and tissue repair. Recent innovations emphasize
“smart” biomaterials that respond to wound-specific stimuli, controlled-release systems for
sustained drug delivery, and bioinspired materials that mimic native tissue architecture. The
integration of electrospinning, 3D bioprinting, and surface functionalization has further advanced
the design of next-generation wound dressings. This comprehensive review explores how
biomaterials combat infection in chronic wounds, evaluates their clinical translation, and discusses
barriers such as cytotoxicity, scalability, and regulatory challenges. Finally, it outlines future
directions for personalized, biomaterial-based wound care that supports antimicrobial stewardship
and improved patient outcomes.
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1. Introduction

Chronic wounds are a persistent healthcare challenge, with rising prevalence due to an aging
population and increasing incidence of diabetes, vascular diseases, and obesity. Globally, chronic
wounds affect an estimated 1-2% of the population, and this number is expected to increase as
comorbidities associated with impaired wound healing become more common [1]. These wounds
impose significant clinical and economic burdens: patients often require long-term treatment,
repeated hospitalizations, and, in severe cases, limb amputations. The burden is further amplified by
the psychosocial impact, with patients experiencing pain, limited mobility, and reduced quality of
life.

While the natural process of wound healing progresses through hemostasis, inflammation,
proliferation, and remodeling, chronic wounds fail to complete this cascade in a timely manner.
Instead, they remain locked in a persistent inflammatory phase, often accompanied by impaired
angiogenesis, poor extracellular matrix (ECM) deposition, and heightened susceptibility to infection.
The multifactorial etiology of chronic wounds complicates treatment, highlighting the urgent need
for innovative approaches that combine infection control with strategies to promote tissue
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regeneration. In this context, biomaterials have emerged as versatile platforms capable of addressing
both structural and therapeutic requirements in wound healing [2].

This comprehensive review explores the multifaceted role of biomaterials in combating
infections within chronic wounds, highlighting their capacity to integrate antimicrobial activity with
regenerative support. By examining a wide range of strategies the review provides an in-depth
understanding of how these platforms target microbial colonization, disrupt biofilm formation, and
modulate the wound microenvironment to promote healing. Beyond mechanistic insights, it critically
evaluates the clinical translation of biomaterial-based therapies, emphasizing both successes in
approved wound dressings and ongoing limitations in broader adoption. Key barriers, such as
potential cytotoxicity of embedded antimicrobial agents, challenges in large-scale and cost-effective
manufacturing, and the stringent requirements of regulatory approval pathways, are discussed as
significant hurdles to clinical implementation. By addressing these aspects, the review not only
synthesizes current progress but also identifies the gaps that must be bridged to enable next-
generation biomaterials to reach their full therapeutic potential in chronic wound management.

1.1. Chronic Wounds: Definitions and Challenges

Chronic wounds are described as lesions that do not achieve significant healing within 8 to 12
weeks under standard care protocols. Common subtypes include diabetic foot ulcers, venous leg
ulcers, arterial ulcers, and pressure ulcers, each of which arises from a multifactorial pathogenesis
involving systemic issues such as diabetes-associated neuropathy, vascular impairment, and
metabolic dysfunction, alongside local factors like repeated trauma, hypoxia, and persistent infection
[1,3].

A primary challenge in managing chronic wounds is disruption of the wound
microenvironment. Chronic wounds display heightened protease activity, diminished levels of
growth factors, and persistent oxidative stress, collectively impairing fibroblast and keratinocyte
functions. This imbalance between tissue degradation and regeneration hinders the restoration of
tissue integrity and contributes to prolonged inflammation and delayed healing. The chronic nature
of these wounds can also lead to recurrent episodes, even after apparent closure, complicating long-
term management and contributing to persistent risk of infection and reinjury [3,4].

1.2. Infection as a Barrier to Wound Healing

Infection represents a major obstacle to effective wound healing, particularly in the context of
chronic wounds. The persistent presence of pathogenic microorganisms within the wound
environment, especially those capable of forming biofilms, leads to sustained inflammation and
delays tissue repair. Biofilms act as protective barriers for bacteria, sheltering them from host immune
defenses and conventional antimicrobial treatments, which complicates eradication and perpetuates
chronicity [5].

As microbes colonize the wound bed, they provoke a prolonged immune response that increases
the production of inflammatory cytokines and proteases, thereby contributing to the degradation of
the extracellular matrix and inhibiting fibroblast activity. This imbalance impedes re-epithelialization
and regeneration, and can result in recurrent or spreading infections, occasionally escalating to
systemic involvement such as sepsis. The complexity of chronic wound infections, including the high
prevalence of antibiotic-resistant organisms, necessitates advanced therapeutic strategies, such as
biomaterial-based approaches, to improve infection control and promote healing [6].

1.3. Role of Biomaterials in Wound Management

The evolution of wound care has shifted from passive coverings, such as gauze and bandages,
toward advanced biomaterial-based systems capable of actively modulating the wound
microenvironment. Biomaterials serve multiple roles in chronic wound management: they provide a
physical barrier against external contaminants, maintain a moist environment conducive to healing,
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deliver therapeutic agents in a controlled manner, and interact with biological systems to stimulate
tissue regeneration. Their versatility makes them particularly valuable in addressing the
multifactorial barriers that prevent chronic wounds from healing, including infection, impaired
angiogenesis, and persistent inflammation.

1.3.1. Structural and Protective Functions

At the most basic level, biomaterials act as protective scaffolds that shield wounds from external
pathogens while preventing excessive fluid loss. Unlike traditional dressings, many modern
biomaterials, such as hydrogels, hydrocolloids, and nanofiber mats, are engineered to mimic aspects
of the extracellular matrix (ECM). This biomimicry enhances cell adhesion, migration, and
proliferation, thereby supporting the wound healing cascade. Additionally, their tunable porosity
allows the exchange of gases and nutrients, creating a more physiological healing environment [7].

1.3.2. Antimicrobial and Anti-Biofilm Capabilities

A major strength of biomaterial-based platforms lies in their ability to combat infection, a central
challenge in chronic wounds [8,9]. Biomaterials can be functionalized with antimicrobial agents, such
as silver nanoparticles, zinc oxide, or antimicrobial peptides, which provide sustained release at the
wound site [10,11]. Some natural polymers, like chitosan, exhibit inherent antibacterial properties,
offering dual roles as scaffolds and bioactive agents [12]. More recently, biomaterials have been
engineered to disrupt bacterial biofilms, structures that are otherwise resistant to antibiotics, through
physical disruption, enzyme release, or pH-responsive mechanisms. These approaches not only
reduce bacterial load but also restore the wound’s capacity to progress through normal healing
phases [13-15].

1.3.3. Drug and Growth Factor Delivery

Biomaterials are increasingly used as delivery systems for therapeutic molecules. Hydrogels,
liposomes, and polymeric nanoparticles enable the localized and sustained release of antibiotics,
growth factors (e.g., vascular endothelial growth factor, platelet-derived growth factor), and anti-
inflammatory agents [16-20]. Controlled release reduces the need for frequent dressing changes,
minimizes systemic side effects, and ensures that drugs remain concentrated at the wound site. In
chronic wounds, where growth factor deficiency is common, biomaterial-mediated delivery can help
restore signaling pathways necessary for angiogenesis and tissue repair [21].

1.3.4. Immunomodulation and Microenvironment Regulation

Persistent inflammation is a hallmark of chronic wounds, often perpetuated by the
overactivation of neutrophils and macrophages. Biomaterials can be designed to modulate immune
responses by releasing anti-inflammatory molecules or by presenting surface cues that encourage
macrophage polarization toward a pro-healing (M2) phenotype. Additionally, oxygen-releasing
biomaterials are being developed to counteract hypoxia, a common feature of ischemic wounds.
These approaches address not only infection but also the dysregulated immune and metabolic
environment that underpins chronic wound pathology [22].

1.3.5. Advanced and Smart Biomaterials

Emerging classes of “smart” biomaterials introduce dynamic responses to the wound
environment. For example, pH-sensitive hydrogels release antimicrobials when local acidity
increases, signaling infection. Thermoresponsive systems adapt their properties to body temperature,
while enzyme-responsive scaffolds degrade selectively in response to wound-specific proteases.
Integration with nanotechnology has further expanded functionality, enabling photothermal and
photodynamic therapies that combine infection control with stimulation of tissue repair [23,24].
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1.3.6. Clinical Potential and Limitations

Although biomaterial-based strategies show considerable potential for chronic wound
management, their translation into clinical settings remains limited by a variety of factors, including
heterogeneous patient wound conditions, high production costs, and significant regulatory barriers.
Ensuring the biocompatibility of these materials and mitigating the cytotoxicity of embedded
antimicrobials or nanoparticles also pose critical scientific and safety challenges [25-27].

Despite these obstacles, several biomaterial-based wound dressings—such as silver-
impregnated hydrogels and collagen scaffolds —have already been introduced into clinical practice
and have demonstrated safety and efficacy in both antimicrobial activity and enhanced healing.
Continued innovation in materials science, coupled with the integration of personalized medicine, is
expected to further increase the clinical utility and adaptability of these advanced dressings,
supporting safer and more effective wound management [26,27].

2. Pathophysiology of Chronic Wound Infections

Chronic wounds provide a nutrient-rich environment that fosters the colonization of
polymicrobial communities, including bacteria capable of forming resilient biofilms. These biofilms
are structured aggregates encased in a protective matrix of polysaccharides, proteins, and nucleic
acids, allowing microbes to adhere firmly to the wound surface and evade both immune defenses
and antimicrobial therapies. Once established, biofilms perpetuate the chronicity of infection by
shielding bacteria from external stressors and serving as persistent reservoirs of pathogen-derived
molecules, thus impeding normal healing processes [28]. The immune response in chronic wound
infections is characterized by persistent and dysregulated inflammation. Continuous microbial
stimulation and biofilm formation activate innate immune cells, resulting in elevated secretion of pro-
inflammatory cytokines and chemokines, which sustain leukocyte infiltration. Excess production of
reactive oxygen species (ROS) and proteases further disrupts tissue integrity, while repeated
activation of neutrophils and macrophages —in tandem with impaired clearance of pathogens and
dead cells—propagates tissue damage and delays resolution. Additionally, local hypoxia exacerbates
oxidative stress and impairs key reparative processes, contributing to fibroblast senescence and
inhibition of extracellular matrix synthesis [29,30]. The protective architecture of biofilms, coupled
with the presence of diverse and often resistant microbial species, significantly limits the efficacy of
conventional antibiotic treatments. Biofilms slow the penetration of therapeutic agents and facilitate
the exchange of resistance genes among bacteria, leading to the emergence and persistence of
multidrug-resistant organisms within chronic wounds. These mechanisms, together with the
physical barriers created by necrotic tissue and ongoing inflammation, pose formidable challenges to
infection control and reinforce the need for advanced, biomaterial-based interventions [8,9,13].

3. Biomaterial Platforms for Wound Healing Applications

3.1. Natural Polymers

Natural polymers serve as the cornerstone of biomaterial platforms in wound healing
applications due to their inherent biocompatibility, biodegradability, and ability to mimic native
extracellular matrix structure. Collagen, chitosan, alginate, and hyaluronic acid are among the most
widely studied and clinically used natural polymers for the fabrication of advanced wound dressings
[31-33]. Collagen-based biomaterials provide structural integrity, promote cellular adhesion and
migration, and stimulate new tissue formation [34]. Chitosan exhibits antibacterial activity, supports
hemostasis, and facilitates wound closure through its positive charge and hydrophilic nature [35].
Alginate, extracted from brown algae, forms soft hydrogels capable of absorbing exudates and
maintaining a moist wound environment, thereby accelerating the healing process [36]. Hyaluronic
acid, an essential component of the extracellular matrix, enhances cell proliferation, modulates
inflammation, and assists in tissue remodeling [37]. These natural biopolymers can be processed into
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hydrogels, films, nanofibers, and foams, with key advantages including high bioactivity, tunable
physical properties, and low immunogenicity. Their ability to deliver therapeutic agents and support
regeneration makes them leading candidates for effective and safe wound healing interventions [32].

3.2. Synthetic Polymers

Synthetic polymers, including polyurethane, poly(e-caprolactone) (PCL), and polyethylene
glycol (PEG)-based systems, offer remarkable versatility for wound healing applications due to their
tunable mechanical properties, chemical stability, and ability to serve as customizable scaffolds and
drug delivery vehicles. These materials are often designed to mimic the structural support of natural
tissues, provide a barrier against infection, and promote tissue regeneration [31,38]. Polyurethane is
widely utilized for its elasticity, durability, and excellent moisture vapor transmission, making it
ideal for producing flexible wound dressings that protect wounds and regulate hydration. Its
biocompatibility and resistance to bacterial penetration further enhance its suitability in clinical
settings [39]. PCL features slow biodegradation, superior mechanical strength, and processability into
nanofibers, membranes, or hydrogels, enabling the creation of long-lasting scaffolds that support
cellular infiltration and gradual tissue integration. Its combination with bioactive compounds or
other polymers has demonstrated improved wound healing, especially in chronic wounds [40]. PEG-
based systems are known for their hydrophilicity, low immunogenicity, and ability to form hydrogels
with tailored drug release profiles or cell-adhesive properties. PEG can be chemically modified to
deliver bioactive agents, enhance cellular response, and minimize scar formation, making it a key
component in advanced wound dressings [41]. Synthetic polymers can be precisely engineered to
address specific wound healing requirements, including mechanical support, moisture retention,
infection control, and sustained delivery of therapeutics, qualifying them as foundational materials
in next-generation wound care [31,42].

3.3. Hybrid and Composite Biomaterials

Hybrid and composite biomaterials represent the next layer in wound healing platform
development, seamlessly integrating natural and synthetic polymers to maximize the advantages of
each. By combining components such as collagen, chitosan, alginate, hyaluronic acid, PCL, and
polyurethane, these engineered materials achieve improved mechanical strength, biocompatibility,
and bioactivity while enabling multifunctional wound care [43]. Hybrid systems can take the form of
multilayer scaffolds, hydrogels, or nanofiber composites, where natural polymers impart biological
cues for cell adhesion and proliferation, and synthetics contribute to structural integrity and
controlled degradation. For instance, composite dressings consisting of chitosan and PCL offer
enhanced antibacterial properties and promote angiogenesis, while gelatin-cellulose-based
composites allow for sustained delivery of growth factors and active agents essential for tissue
regeneration [43,44]. Additionally, the integration of inorganic components, such as zinc oxide, silver
nanoparticles, or nanosilicates, further endows hybrid biomaterials with antibacterial and hemostatic
functions, making them suitable for complicated wounds prone to infection or excessive exudate.
Clinical and preclinical studies have shown that these composite platforms can accelerate healing,
reduce inflammation, and facilitate scar reduction, positioning them as promising candidates for
translational wound care solutions [43].

4. Antimicrobial Strategies Using Biomaterials

4.1. Drug- and Antibiotic-Loaded Biomaterials

The integration of antimicrobial agents, particularly drugs and antibiotics, into biomaterial
platforms has emerged as a central strategy for combating chronic wound infections and accelerating
healing [21]. These advanced dressings harness the tunable properties of natural and synthetic
polymers to serve as delivery vehicles that control the local release of therapeutic compounds,
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directly at the wound site [21,45]. A wide range of antimicrobial agents, such as ciprofloxacin,
amoxicillin, tetracycline, and ceftriaxone, have been successfully incorporated into hydrogels,
nanofibers, and films, allowing for sustained or on-demand release to prevent bacterial colonization
and biofilm formation [8,9,21,46]. For instance, liposome-loaded hydrogels can maintain drug
efficacy and provide a prolonged antimicrobial environment, minimizing the risk of resistance while
reducing systemic toxicity. Other innovative approaches include composite nanofibrous scaffolds
capable of dual or multiple drug delivery, tailored for synergistic antimicrobial and regenerative
effects [45]. Combining antibiotics with other biomolecules or bioactive compounds, such as honey,
resveratrol, omega-3 fatty acids, chitosan, or silver nanoparticles, further augments antimicrobial
efficacy and can support immune modulation and angiogenesis, enhancing wound closure [8-
10,32,47]. Preclinical and clinical studies demonstrate that these functionalized biomaterials not only
lower total bacterial loads (including resistant strains like Staphylococcus aureus and Pseudomonas
aeruginosa) but also promote re-epithelialization and reduce inflammation —key for chronic wound
treatment [45]. Overall, drug- and antibiotic-loaded biomaterial dressings represent an advanced
therapeutic option, providing targeted infection control while supporting tissue regeneration, with
promising outcomes shown in both research and translational clinical environments [48].

Drug- and antibiotic-loaded biomaterials represent the most advanced category in terms of
regulatory approval, with numerous commercially available wound dressings, hydrogels, and
polymeric matrices already in clinical use, supported by well-established active pharmaceutical
ingredients and clearly defined regulatory pathways as medical devices or combination products
[49,50].

4.2. Antimicrobial Peptide-Loaded Systems

Antimicrobial peptide (AMP)-loaded biomaterial systems offer potent and multifaceted
strategies for infection control and tissue regeneration in wound healing. AMPs are biologically
active molecules, often derived from natural immune systems, that exert rapid membrane-disruptive
action against a broad spectrum of microbes—including drug-resistant strains—while
simultaneously modulating local immune responses and promoting tissue repair [51,52]. AMPs
encapsulated within hydrogels, nanofibers, or composite dressings ensure sustained and localized
peptide release, enhancing their therapeutic window and minimizing degradation in the wound
environment. Numerous studies demonstrate that AMP-loaded systems, such as GelMA hydrogels
and nanofiber scaffolds, not only prevent microbial colonization and biofilm formation but also
stimulate fibroblast and keratinocyte proliferation, angiogenesis, and re-epithelialization, leading to
faster wound closure and improved healing outcomes [53,54]. Moreover, AMPs' immunomodulatory
properties—such as promoting reparative macrophage polarization and limiting excessive
inflammation, further support the transition of wounds from the inflammatory to the proliferative
phase. Advanced delivery platforms, including stimulus-responsive and gene-activated
biomaterials, have been developed to protect peptides from enzymatic degradation and enable
controlled, targeted AMP delivery at the wound site. Despite certain challenges in stability and
scalability, AMP-loaded biomaterials are emerging as highly promising alternatives to traditional
antibiotics, showing efficacy in both acute and chronic wound models [52,54,55]. Antimicrobial
peptide-loaded systems are predominantly at the preclinical or early clinical stage; despite their
strong therapeutic potential, their clinical translation is hindered by challenges related to peptide
stability, potential immunogenicity, manufacturing scalability, and regulatory classification, often
bordering between drug and biologic frameworks [56].

4.3. Metal-Based Nanomaterials

Metal-based nanomaterials are at the forefront of innovative antimicrobial strategies in wound
healing due to their remarkable broad-spectrum antimicrobial, anti-inflammatory, and regenerative
properties [19,21]. Metals such as silver (Ag), gold (Au), copper (Cu), and zinc oxide (ZnO) are
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commonly engineered into nanoparticles that can be incorporated into hydrogels, scaffolds,
dressings, and other wound care platforms [10,11,19,21].

Silver nanoparticles (AgNPs) have gained particular prominence owing to their potent
bactericidal effects against multidrug-resistant pathogens and biofilm-producing bacteria, typical of
chronic wounds [10,57]. They disrupt bacterial membranes, generate reactive oxygen species (ROS),
and interfere with cellular DNA, leading to cell death. Beyond their antimicrobial action, AgNPs can
modulate inflammatory cytokines, promote keratinocyte and fibroblast proliferation, and enhance
overall wound closure [10,13,57,58].

Other metals, such as Cu and ZnO nanoparticles, display complementary wound-healing
advantages by stimulating angiogenesis, promoting collagen synthesis, accelerating tissue
regeneration, and further augmenting antibacterial efficacy. For instance, ZnO nanoparticles support
re-epithelialization and regulate oxidative stress, while Cu nanoparticles exhibit antifungal,
angiogenic, and matrix remodeling properties [11,59].

Incorporating metal nanoparticles into biomaterial-based composites enhances their stability,
biocompatibility, and dispersion, and allows tunable release of the metal ions at the wound site.
These advanced systems offer multifunctional performance, combining structural support with
antimicrobial, antioxidant, and anti-inflammatory effects, leading to improved infection control and
accelerated healing. Recent advances also highlight the advantages of green synthesis methods,
yielding safer metallic nanomaterials that present fewer cytotoxicity concerns and optimized
regenerative potential for clinical applications [10,11,19,21,57-59].

Metal-based nanomaterials, including silver, zinc oxide, and copper-based platforms, occupy an
intermediate translational position, as several silver-containing wound dressings have successfully
reached the market, whereas newly engineered nano-enabled formulations face increased regulatory
scrutiny due to unresolved toxicological and environmental concerns [58].

4.4. Bacteriophages-Loaded Biomaterials

Bacteriophages, or phages, are obligate bacterial viruses characterized by high host specificity
and diverse replication strategies that enable precise targeting of defined bacterial taxa.
Contemporary phage therapy builds on early 20th century clinical observations by formulating lytic
phage cocktails that recognize multiple bacterial receptors, thereby broadening the effective host
range and reducing the probability of resistance emergence during treatment. These cocktails can be
administered via parenteral, oral, or topical routes, either as monotherapy or in combination with
antibiotics to achieve phage—antibiotic synergy, with documented clinical activity against respiratory,
wound, bloodstream, urinary tract, and other difficult-to-treat infections [60].

Phage therapy has shown promising results for chronic wound management in ex vivo and
animal in vivo models, where phage application effectively reduced biofilm-associated bacteria such
as A. baumannii, P. aeruginosa, E. coli, P. mirabilis, and S. aureus, often outperforming in vitro systems
and, in some cases, being enhanced by combination with agents like chestnut honey that facilitate
biofilm matrix disruption and phage access. In porcine, rabbit, rodent, and pig wound models, phage
treatment, alone or combined with surgical debridement, led to significant decreases in bacterial
burden, including wild-type and biofilm-deficient S. aureus, and was associated with improved
wound healing, epithelialization, and granulation tissue formation. Clinically, multiple early-phase
and compassionate-use studies in burn wounds, diabetic foot ulcers, and chronic venous leg ulcers
report that topical or locally applied phage preparations targeting pathogens such as P. aeruginosa, S.
aureus (including MRSA), and E. coli can be administered safely, frequently with minimal adverse
events and, in many cases, with substantial wound improvement or complete healing after repeated
dosing [61]. Nonetheless, results from larger controlled trials, such as the Phagoburn study on burn
wound infections, highlight critical challenges including low effective phage titers, emergence of
phage-resistant bacterial phenotypes, and suboptimal formulation stability, underscoring the need
to optimize phage dosing, cocktail design, and manufacturing processes before broad clinical
implementation in chronic wound care [62-64].
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Commercial bacteriophage preparations for human therapy are still not approved in Western
countries, largely due to the complexity and rigidity of the current regulatory framework for
biological medicinal products. Although recent dialogue with regulatory bodies has begun to outline
potential pathways for formal authorization, phage therapy in these settings remains confined mainly
to compassionate-use contexts under provisions such as the Declaration of Helsinki, highlighting the
need for structured translation from preclinical and early clinical research into standardized,
regulator-approved therapeutic products [60,61].

Bacteriophage-loaded biomaterials remain largely confined to preclinical research and
exploratory clinical applications, with regulatory approval complicated by biological variability,
limited standardization, and the absence of harmonized regulatory guidelines, despite growing
clinical interest driven by the rise of antimicrobial resistance [63].

Table 1 summarizes the advantages and disadvantages of previously mentioned approaches.

Table 1. Advantages and disadvantages of different antimicrobial strategies using biomaterials for infection

control in chronic wound healing.

Advantages Disadvantages References

Risk of developing local
antibiotic resistance,
especially with long-term or
repeated use.
Potential cytotoxicity or

Enable localized, sustained, and
controlled delivery of antibiotics or
drugs directly to the wound site,

reducing the risk of systemic side
& Y irritation depending on drug

type, release rate, or carrier
composition.
Challenges with production
scalability, maintaining
reproducibility, and
ensuring consistent drug
loading and release profiles.
Regulatory hurdles due to
the combination nature of
the device and drug.
Peptides may be susceptible
to enzymatic degradation
within the wound, limiting
their practical effectiveness
unless protected by the
delivery vehicle.

effects and improving local
concentrations.

Protect fragile therapeutic agents
from degradation and extend their
activity within the wound
environment.

Enhance patient compliance by
reducing the frequency of dressing
changes and systemic medication.

Drug- and antibiotic-

loaded biomaterials [32,65-67]

Broad-spectrum antimicrobial
activity, often effective against
drug-resistant bacteria and biofilms
at the wound site.
Peptides often possess

Antimicrobial . . Potential for cytotoxic effects
. immunomodulatory functions, . )
peptide-loaded . . at higher concentrations or [32,68]
promoting wound healing by .
systems with prolonged exposure.

stimulating cell migration and . .
& 8 Higher manufacturing costs

and stability issues
compared to small molecule
drugs.
Limited large-scale clinical
validation to date.

reducing inflammatory responses.
Usually demonstrate low
propensity to induce resistance
compared to traditional antibiotics.

Exhibit potent and broad-spectrum
antimicrobial activity, including
efficacy against multidrug-resistant
organisms and biofilm-associated

Cytotoxicity and potential

local or systemic toxicity,

especially with metals like
silver, copper, or high

Metal-based

. [10,11,19,21]
nanomaterials

bacteria.
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Can synergize with other wound concentrations of
healing mechanisms, such as anti- nanoparticles.
inflammatory effects and Long-term safety concerns
promotion of tissue regeneration. regarding accumulation or
Typically stable and can be leaching of metal ions.
incorporated into a variety of =~ Manufacturing complexity
biomaterial matrices (hydrogels, and cost considerations for
nanofibers, sponges). consistent size, dispersion,
and controlled release.
Risk of impaired healing or
foreign body reactions in
case of improper dosing or
formulation.
Phages may be unstable
within some biomaterial
Provide targeted antibacterial = matrices and are sensitive to
activity against specific pathogens, =~ temperature, pH, and
reducing damage to commensal  storage conditions, which
microbiota and helping maintaina can lead to titer loss and
balanced wound reduced therapeutic efficacy
microenvironment. over time.
Enable localized, sustained release Bacterial populations can
of active phages from dressings, = evolve phage resistance,
hydrogels, or scaffolds, improving  especially if formulations
Bacteriophages-  biofilm penetration and bacterial use narrow phage spectra or (60-62]
loaded biomaterials clearance while limiting systemic are not periodically updated
exposure and side effects. to match circulating clinical
Can be engineered as isolates.
multifunctional systems combining  Clinical translation is
phages with other antimicrobial or hindered by limited
pro-regenerative agents (e.g., standardization in
antiseptics, growth factors), therebymanufacturing, challenges in
simultaneously controlling quality control, and unclear
infection and supporting tissue or complex regulatory
repair. pathways for products that

combine biologics with
medical devices

5. Smart and Responsive Biomaterials

Smart and responsive biomaterials have revolutionized wound healing applications through
their ability to adapt and respond to dynamic changes in the wound microenvironment. By
leveraging environmental cues such as pH, enzyme activity, and other biomarkers, these advanced
platforms provide precise and on-demand therapeutic delivery, improve tissue regeneration, and
enhance antimicrobial efficacy [69].

pH-responsive biomaterials, especially hydrogels, are engineered to release drugs, growth
factors, or antimicrobials selectively in response to the acidic or alkaline conditions typical of infected
or healing wounds. Most notably, chitosan- and gelatin-based hydrogels undergo rapid degradation
or swelling in acidic microenvironments, triggering the release of encapsulated therapeutic agents
and allowing for site-specific antimicrobial and regenerative action. Other systems integrate Schiff
base bonds or reversible dynamic acylhydrazone linkages that break and reform depending on local
pH, imparting controlled release and self-healing capabilities to wound dressings. Similarly, enzyme-
responsive platforms can sense elevated enzyme levels (such as matrix metalloproteinases)
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commonly present in non-healing wounds and respond by releasing antimicrobial or anti-
inflammatory agents where needed most [69,70]. Figure 1 generally resumes smart and responsive
materials action mode.

External/internal stimulus
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Figure 1. Smart hydrogel wound dressings in the treatment of wound infection.

Controlled release is a hallmark of smart biomaterials, enabling sustained, targeted, and often
multi-modal delivery of drugs, peptides, or growth factors over specified durations. By tuning
polymer composition, crosslinking density, and molecular architecture, researchers create dressings
that release their payloads at different rates in response to endogenous cues, including specific pH
ranges, oxidative stress, enzyme presence, or moisture. Such systems minimize burst release, reduce
dosing frequency, limit toxicity, and maximize therapeutic efficacy, critical for treating chronic and
complex wounds [69,70]. Modern smart biomaterials increasingly adopt multifunctional designs that
combine antibacterial, anti-inflammatory, pro-angiogenic, and tissue-regenerative actions within a
single platform. Integrating substances like metal nanoparticles, antimicrobial peptides, and growth
factors with responsive hydrogels, nanofibers, or bioadhesive films creates synergistic effects,
accelerating healing and combating resistant infections more effectively than single-action dressings.
Furthermore, smart dressings equipped with real-time sensing capabilities, such as colorimetric pH
indicators, enable clinicians to monitor wound status and adjust treatment protocols as needed
[69,70].

A critical comparison of biomaterial-based antimicrobial strategies for chronic wound
management reveals substantial differences in translational maturity, mechanistic breadth, resistance
mitigation potential, and regulatory complexity. Drug- and antibiotic-loaded biomaterials remain the
most clinically established approach. Their principal advantage lies in the incorporation of well-
characterized active pharmaceutical ingredients with defined pharmacodynamics, validated
therapeutic windows, and established manufacturing pipelines [49]. These systems benefit from
predictable regulatory pathways and scalable production under Good Manufacturing Practice
conditions [50]. In acute or heavily contaminated wounds, they provide rapid and reliable
bactericidal activity. However, their mechanistic scope is narrow, and efficacy is often limited by
diffusion-controlled release kinetics and increasing antimicrobial resistance. Subtherapeutic local
concentrations may promote resistance selection, and biofilm penetration remains suboptimal. Thus,
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while highly mature from a translational standpoint, antibiotic-loaded systems offer limited
innovation in addressing the long-term challenges of multidrug-resistant infections [71].

Antimicrobial peptide (AMP)-loaded systems offer a mechanistically distinct alternative. AMPs
typically exert membrane-disruptive activity, resulting in rapid bactericidal effects with a lower
propensity for resistance development compared to conventional antibiotics. Their broad-spectrum
activity, including effectiveness against multidrug-resistant strains, and potential
immunomodulatory roles in wound healing represent significant advantages. Nonetheless, their
clinical translation is hindered by susceptibility to proteolytic degradation in the wound
microenvironment, possible cytotoxicity at higher concentrations, and elevated manufacturing costs
associated with peptide synthesis and purification. Regulatory classification may also be complex,
particularly when peptides exhibit both antimicrobial and biologically active wound-healing
functions. Consequently, AMP-based systems demonstrate superior theoretical resilience against
resistance but remain less mature in terms of large-scale deployment [56].

Metal-based nanomaterials, including silver, zinc oxide, and copper, occupy an intermediate
position between maturity and innovation. Their antibacterial activity is typically multimodal,
involving membrane disruption, reactive oxygen species generation, and interference with protein
and DNA function. This multifaceted mechanism reduces the likelihood of resistance development
relative to single-target antibiotics and enhances activity against biofilms. Silver-containing
dressings, in particular, have achieved widespread clinical adoption. However, as nanostructuring
becomes more sophisticated, concerns regarding cytotoxicity, tissue accumulation, environmental
persistence, and batch reproducibility increase. The therapeutic window may narrow as antibacterial
potency approaches levels that compromise host cell viability. Moreover, regulatory scrutiny
intensifies with nanoscale complexity. Therefore, while metal-based systems provide strong broad-
spectrum efficacy, safety and standardization remain central challenges [72].

Bacteriophage-loaded biomaterials represent a fundamentally different paradigm, characterized
by high biological specificity and self-amplifying antimicrobial action. Phages can selectively target
pathogenic bacteria while sparing commensal microbiota, and they are capable of penetrating
biofilms effectively. Their capacity to infect and lyse antibiotic-resistant strains positions them as
promising candidates in the era of antimicrobial resistance. However, their narrow host range
necessitates precise pathogen identification, and bacteria may develop resistance to individual
phages, requiring cocktail formulations. Stability within biomaterial matrices, large-scale
manufacturing under stringent quality controls, and regulatory harmonization for biologic-device
combination products present significant barriers. As a result, phage-based systems demonstrate
exceptional conceptual advantages but remain limited by standardization and translational
infrastructure [73,74].

When considered collectively, no single class of biomaterial provides a comprehensive solution.
Antibiotic-loaded systems dominate in regulatory clarity and manufacturing feasibility but are
vulnerable to resistance. AMP and phage-based platforms offer improved specificity and reduced
resistance pressure but require further development to achieve scalable, standardized production.
Metal-based nanomaterials provide strong broad-spectrum and anti-biofilm activity but must
balance efficacy with cytotoxic and environmental concerns. Emerging multifunctional systems,
including MXene-based and stimulus-responsive platforms, present the most innovative approaches
for chronic, biofilm-associated infections, yet their clinical adoption depends on rigorous
toxicological validation and regulatory harmonization. The field is therefore transitioning from
passive, single-mechanism release systems toward integrated, multimodal platforms capable of
addressing the complex microbiological and physiological landscape of chronic wounds. Future
progress will likely depend on rational hybridization strategies that combine the regulatory maturity
of established antimicrobials with resistance-resilient mechanisms and controlled activation
technologies. Such integrative approaches may ultimately reconcile efficacy, safety, scalability, and
translational feasibility in advanced wound care.
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6. Role of Biomaterials in Modulating the Wound Microenvironment

Biomaterials are increasingly engineered not just for structural support but to actively shape the
wound microenvironment, accelerating healing and preventing infection through targeted,
responsive mechanisms. Chronic wounds often remain in a hypoxic state, which impairs
angiogenesis, cell viability, and new tissue formation. Oxygen-releasing biomaterials, including
hydrogels, microspheres, films, and three-dimensional scaffolds, deliver controlled supplemental
oxygen locally to relieve hypoxia, increase cell proliferation, simulating collagen synthesis, accelerate
angiogenesis, and reduce oxidative stress. These platforms utilize oxygen carriers (such as
perfluorocarbons and hemoglobin derivatives) or oxygen-generating sources (e.g., peroxides)
encapsulated in polymers to ensure sustained and safe delivery. This precise oxygen modulation also
suppresses hypoxia-induced inflammation and infection, facilitating faster closure and better quality
of regenerated tissue [75,76].

Biomaterial platforms are increasingly designed to modulate excessive inflammation and
promote a pro-regenerative immune response at the wound site. By incorporating anti-inflammatory
drugs, bioactive molecules (such as cytokines, growth factors), or surface modifications that direct
macrophage polarization toward a reparative phenotype, these systems reduce chronic
inflammation, suppress excessive protease activity, and promote tissue repair. Some advanced
biomaterials, including smart-responsive gels and nanoparticle-laden scaffolds, deliver
immunomodulatory agents in a targeted, sustained fashion, further enhancing local control over the
wound-healing trajectory and minimizing scarring and fibrosis [77].

Biofilm formation by microbial communities is a key barrier to successful wound healing. Next-
generation scaffolds and coatings utilize physical and biochemical approaches to disrupt established
biofilms and prevent new biofilm formation. Strategies include embedding antimicrobial peptides,
metallic nanoparticles, or enzyme-releasing systems into the biomaterial matrix, which can degrade
the extracellular polymeric substances within biofilms and expose bacteria to delivered
antimicrobials. Additionally, materials with anti-adhesive or “slippery” surfaces physically deter
colonization and facilitate biofilm detachment, thus restoring antimicrobial efficacy and enabling
better management of chronic wound infections [8,9].

7. Surfactants and Antioxidant-Based Biomaterials for Infection Control in
Chronic Wound Healing

In addition to advanced nanomaterials and stimulus-responsive platforms, the incorporation of
selected surfactants and bioactive antioxidants into wound biomaterials has emerged as a
complementary strategy for infection control and modulation of the chronic wound
microenvironment. Chronic wounds are characterized by excessive inflammation, elevated oxidative
stress, impaired angiogenesis, and persistent microbial colonization. Biomaterials functionalized
with surfactants such as poloxamers, as well as antioxidants including melatonin, curcumin
(turmeric-derived compounds), and other natural or synthetic antioxidants, offer multifunctional
benefits by improving antimicrobial efficacy while supporting tissue repair processes [78].

7.1. Poloxamers as Functional Surfactants in Wound Biomaterials

Poloxamers (also known as Pluronics®) are non-ionic triblock copolymers composed of
poly(ethylene oxide)-poly(propylene oxide)—poly(ethylene oxide) (PEO-PPO-PEO) segments. Their
amphiphilic nature enables self-assembly into micelles and thermoresponsive gelation, making them
particularly attractive for topical wound applications. In chronic wound dressings, poloxamers serve
multiple roles, including solubilization of hydrophobic antimicrobial agents, enhancement of drug
penetration, and disruption of bacterial membranes and biofilms [79].

Certain poloxamers, such as poloxamer 407, undergo sol-gel transitions at physiological
temperatures, allowing easy application in liquid form followed by in situ gel formation at the wound
site. This property facilitates prolonged residence time, localized drug delivery, and maintenance of
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a moist wound environment. Moreover, poloxamers have been shown to sensitize bacterial
membranes, increasing the susceptibility of pathogens to antibiotics and antiseptics, thereby
contributing indirectly to infection control. Their established biocompatibility and regulatory
acceptance further support their integration into clinically relevant wound biomaterials [80,81].

7.2. Melatonin as an Antioxidant and Immunomodulatory Agent

Melatonin, an endogenous indoleamine primarily known for regulating circadian rhythms, has
gained attention for its potent antioxidant, anti-inflammatory, and immunomodulatory properties in
wound healing contexts. In chronic wounds, excessive reactive oxygen species (ROS) contribute to
cellular damage, delayed re-epithelialization, and impaired angiogenesis. Melatonin acts as a direct
free radical scavenger and an indirect antioxidant by upregulating endogenous antioxidant enzymes
[82].

When incorporated into biomaterial platforms such as hydrogels, nanofibrous scaffolds, or
polymeric dressings, melatonin can locally modulate oxidative stress while supporting fibroblast
proliferation, collagen deposition, and neovascularization [83]. Additionally, melatonin has
demonstrated antimicrobial and anti-biofilm activity against certain bacterial strains, further
enhancing its relevance for infection control [84-86]. Controlled release systems are particularly
important to preserve melatonin stability and ensure sustained bioactivity at the wound site [83].

7.3. Curcumin and Other Antioxidants

Curcumin, the principal polyphenolic compound derived from turmeric (Curcuma longa),
exhibits broad-spectrum antimicrobial, anti-inflammatory, and antioxidant activities. Its ability to
inhibit bacterial growth, interfere with quorum sensing, and disrupt biofilm formation makes it an
attractive candidate for chronic wound applications. However, curcumin’s poor aqueous solubility
and limited bioavailability necessitate its incorporation into biomaterial carriers such as
nanoparticles, micelles, or polymeric matrices [87,88].

Beyond curcumin, other antioxidants, including vitamin E, resveratrol, catechins, and plant-
derived polyphenols, have been explored for wound healing applications. These compounds can
attenuate oxidative stress, reduce chronic inflammation, and enhance cellular responses essential for
tissue regeneration [89,90]. When combined with antimicrobial agents or nanomaterials, antioxidants
can help balance ROS-mediated bacterial killing with protection of host cells, thereby improving
overall therapeutic outcomes [9,90]. The integration of surfactants and antioxidant molecules into
wound biomaterials represents a pragmatic and synergistic approach to infection control in chronic
wounds. These components complement advanced antimicrobial strategies by enhancing drug
delivery, modulating redox balance, and supporting physiological healing processes. Importantly,
many of these materials benefit from established safety profiles and prior regulatory exposure, which
may facilitate clinical translation. Future research should focus on optimizing release kinetics,
evaluating combinatorial effects with antimicrobial nanomaterials, and validating efficacy in
clinically relevant chronic wound models.

8. Translational Challenges and Clinical Applications

Translating biomaterial-based wound healing technologies from the laboratory to clinical
application presents a complex array of challenges and opportunities, encompassing safety,
regulatory, manufacturing, and adoption in real-world patient care.

Biocompatibility and Safety Concerns

Ensuring biocompatibility is a critical prerequisite for any wound healing biomaterial. Natural
and synthetic polymers—even those already approved for medical use—can sometimes elicit
immunogenic responses or cytotoxicity, particularly when loaded with active agents or subjected to
chemical modifications. Variability in degradation, the accumulation of breakdown products, or the
release of nanoparticles may further complicate long-term safety profiles in chronic wounds.
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Preclinical evidence suggests that material choice, cross-linking method, purity, and potential for
contamination significantly influence host tolerance and integration. Moreover, the interplay
between biomaterials and the complex wound microenvironment (e.g., pH, enzymes, immune cells)
must be robustly characterized to avoid unintended inflammation or impaired healing [25,91].

Widespread clinical adoption requires rigorous regulatory approval, with standards that
mandate reproducibility, sterility, scalability, and cost-effectiveness. Designing biomaterials that can
be consistently manufactured and meet Good Manufacturing Practices (GMP) is essential. Many
advanced or composite dressings, especially those involving living cells, growth factors, or
nanomaterials, face additional hurdles: detailed documentation of efficacy and safety, long-term
stability testing, and complex quality control. The elevated costs of production and the need for
tailored solutions to meet individual patient needs further increase the complexity of large-scale
implementation [21,25,91].

Several biomaterial-based wound dressings and scaffolds are now available or in advanced
clinical trials, including collagen, gelatin, silk fibroin, chitosan, and hyaluronic acid platforms.
Clinical studies in acute and chronic wounds—such as pressure ulcers and diabetic foot ulcers—
demonstrate efficacy in promoting faster re-epithelialization, reducing infection, and improving
tissue quality as compared to conventional dressings. Succinylated chitosan hydrogels, silk-elastin
sponges, and compartmentalized bioscaffolds have shown statistically significant improvements in
wound closure rates, collagen deposition, and reduced fibrosis in recent phase II and III trials.
However, the literature underscores the need for larger, multicenter, and long-term studies to
robustly establish safety, cost-effectiveness, and patient-reported outcomes for these advanced
biomaterial therapies [27,91,92].

9. Future Perspectives

Cutting-edge technologies are reshaping the landscape of wound healing biomaterials. 3D
bioprinting allows the layer-by-layer fabrication of complex, cell-laden constructs that closely
resemble natural skin structures, including both dermal and epidermal components, enabling the
production of personalized scaffolds and engineered skin substitutes that better match patient-
specific wound geometry and biology. Nanotechnology offers new forms of wound dressings —such
as nanofiber mats and nanoparticle-embedded hydrogels—with enhanced antimicrobial,
antioxidant, and cell signaling properties. Nanomaterials are especially adept at modulating difficult
wound environments, providing responsive drug release or facilitating key healing mechanisms such
as pro-angiogenesis and modulation of oxidative stress. Gene delivery platforms are also coming to
the fore, enabling local modulation of gene expression (e.g., to boost growth factor or cytokine levels)
directly in the wound bed and offering new therapeutic angles for chronic, non-healing wounds and
patient populations with impaired regenerative capacity [93,94].

The future of wound healing biomaterials is rapidly moving toward personalization, leveraging
patient-specific information—such as genetics, age, comorbidities, and local wound
microenvironment—to tailor dressings and therapies for optimal results. Innovations in
bioengineered skin substitutes, customized hydrogels, and population-informed biomaterial design
are making it possible to develop interventions suited to the precise needs of each patient, including
those with special challenges like aged skin or diabetes. Cell-laden matrices, advanced bioactive
scaffold systems, and age-oriented biomaterial functionalities are expected to overcome the “one size
fits all” limitation of previous generations and deliver more effective, targeted, and durable wound
healing outcomes [94,95].

Bridging biomaterials science with digital health is set to redefine wound care. Smart sensors,
integrated into wound dressings, can provide real-time monitoring of wound status—such as pH,
temperature, exudate composition, or infection markers—and relay this data directly to clinicians or
patients via connected devices. This enables dynamic adjustment of therapy and more timely
interventions. The convergence of responsive biomaterials with digital tracking systems and
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telemedicine may lead to not only better tailored interventions but also improved healthcare
efficiency, patient engagement, and long-term healing outcomes [94,95].

10. Conclusions

The rapid evolution of biomaterial platforms has transformed wound care by providing
solutions that combine biocompatibility, bioactivity, and antimicrobial functionality. Natural and
synthetic polymers, hybrid systems, and multifunctional dressings have been engineered to meet the
complex needs of chronic wounds, reducing infection risk, enhancing regeneration, and supporting
scar-free healing. Incorporating antimicrobial agents, peptides, and nanoparticles has strengthened
wound management, particularly against resistant pathogens and biofilm-associated infections.
Emerging smart and stimuli-responsive biomaterials now enable on-demand therapeutic delivery
tailored to the wound microenvironment, further improving outcomes.

Despite promising preclinical and early clinical results, several barriers limit broad clinical
translation. Long-term safety, immune compatibility, scalability in manufacturing, and regulatory
approval remain major challenges. Addressing these issues is critical for advancing biomaterial-
based therapies from research to routine clinical practice.

Nevertheless, clinical evidence and approved products already demonstrate that biomaterial-
based dressings can outperform conventional approaches, setting new standards for infection control
and functional tissue repair. Looking forward, progress in material science, combined with
personalized medicine, digital health integration, and multidisciplinary collaboration, is expected to
drive next-generation therapies. Such innovations promise safer, more effective wound management
and an improved quality of life for patients with chronic wounds.
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