Advanced
Pharmaceutical
Bulletin

Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Mini Review

How to cite this article:

Hassan M, Ghaffari S. Wound Healing and Nanotechnology: Recent Advances and Future Perspectives.
Advanced Pharmaceutical Bulletin, doi: 10.34172/aph.47125

Wound Healing and Nanotechnology: Recent Advances and Future Perspectives

Maryam Hassan?, Solmaz Ghaffari 2"

! Pharmaceutical Biotechnology Research Center, Zanjan University of Medical Sciences, Zanjan, Iran
2 Department of Pharmaceutics, TeMS.C., Islamic Azad University, Tehran, Iran

ARTICLE INFO

Keywords:

Wound healing,
Nanotechnology,

Drug delivery,

Tissue regeneration;
Smart wound dressings

Avrticle History:

Submitted: February 01, 2026
Revised: May 10, 2026
Accepted: June 22, 2026
ePublished: June 27, 2026

*Corresponding Author

ABSTRACT

Wound healing is a complex, multifactorial biological process encompassing
cellular migration, modulation of inflammatory responses, and tissue remodeling.
Despite significant progress in conventional therapeutic approaches, delayed or
incomplete wound closure remains a prevalent clinical challenge. This review
provides a comprehensive analysis of recent advancements in nanotechnology-
driven strategies for wound management, emphasizing their underlying
mechanisms, therapeutic benefits, and translational potential. A systematic
literature search was conducted across electronic databases, including PubMed and
Scopus, covering publications from 2000 to 2025. Studies focusing on
nanomaterials, drug delivery platforms, and wound care interventions were
prioritized. Nanotechnology offers innovative modalities that enhance drug
delivery precision, stimulate angiogenesis, regulate inflammatory pathways, and
mitigate microbial contamination. Diverse nanostructures—such as metallic
nanoparticles, polymeric carriers, liposomes, and nanofibers—have demonstrated
promising efficacy in both preclinical and clinical settings. Current evidence
suggests that integrating nanotechnology into wound care holds substantial promise
for accelerating tissue repair and improving regenerative outcomes. However,
further research is warranted to address long-term safety, scalable manufacturing
processes, and clinical validation through large-scale trials.
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Introduction

Wound healing restores the structural and functional integrity of skin and underlying tissues through overlapping
phases: hemostasis, inflammation, proliferation, and remodeling. Disruption of this process—such as in chronic
or diabetic wounds—Ieads to delayed healing and increased infection risk.1® Conventional wound care modalities,
including dressings, antibiotics, and growth factor-based therapies, often provide incomplete regeneration due to
limitations such as poor bioavailability, uncontrolled drug release, and the emergence of antimicrobial resistance.
To address these challenges, nanotechnology has emerged as a promising therapeutic strategy. Nanomaterials
offer distinctive physicochemical features—including a high surface-to-volume ratio, tunable drug-loading,
controlled release, and targeted antimicrobial activity—that improve therapeutic performance while reducing

adverse effects. 11

This review provides a comprehensive information of mechanistic insights, summarizes key findings from recent
preclinical and clinical studies, and outlines existing challenges and future perspectives necessary for successful

clinical translation.

Nanomaterials and their mechanisms of action in wound healing

Nanotechnology offers a transformative approach to wound management through engineered nanomaterials
designed to accelerate tissue repair and prevent infection. These nanosystems enhance drug stability and
bioavailability, protect therapeutic agents, and provide controlled release at the wound site. Different nanosystems

enhance wound healing by variety of mechanisms as described below. 12-%

Metallic Nanoparticles

Silver, gold, zinc oxide, and copper oxide nanoparticles possess antimicrobial and anti-inflammatory properties.t®
22 Silver nanoparticles (AgNPs) disrupt bacterial membranes and generate reactive oxygen species (ROS) for
bacterial death *"-18 as well as stimulate keratinocyte migration and collagen deposition, aiding re-epithelialization.
Gold nanoparticles (AuNPs) have antioxidant and anti-inflammatory effects that promote angiogenesis and
fibroblast proliferation. Zinc oxide nanoparticles (ZnO NPs) inhibit microbial growth and regulate cellular
proliferation and collagen synthesis.**** Composite systems, combining metallic nanoparticles with polymeric
carriers like PVA, exemplify the emerging trend of hybrid nanomaterials designed to optimize both biological

activity and mechanical performance in wound care applications.'?-16
Polymeric Nanoparticles

Polymeric nanocarriers such as those fabricated from biodegradable polymers like PLGA, chitosan, and alginate
are highly versatile delivery platforms capable of encapsulating a wide range of therapeutic and bioactive agents.
These nanoparticulate systems ensure controlled, sustained, and site-specific drug release, thereby maintaining
optimal therapeutic concentrations at the wound site over prolonged durations among them, chitosan-based
nanoparticles have gained particular attention for their inherent antimicrobial, hemostatic, and bioadhesive

properties, as well as their capacity to enhance fibroblast adhesion, migration, and proliferation. 1%-23
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Lipid-Based Nanocarriers

Lipid-based nanocarriers, including solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) and
liposomes, have attracted growing interest as effective delivery systems for topical wound applications. These
nanocarriers enhance the penetration of therapeutic agents across the skin barrier and improve the
physicochemical stability of labile bioactive molecules such as growth factors and natural compounds. Recent
investigations have demonstrated that SLNs loaded with curcumin, resveratrol, or antibiotics can accelerate
wound closure, reduce oxidative stress, and inhibit microbial colonization, thereby promoting faster and more

efficient tissue regeneration. 2226

Nanofibers and Scaffolds

Electrospun nanofibers and bioactive scaffolds mimic the extracellular matrix (ECM) structure, providing an
optimal environment for cell migration and proliferation. Nanofibers fabricated from polymers such as
polycaprolactone (PCL), gelatin, and silk fibroin can be loaded with bioactive molecules to create multifunctional
wound dressings. These structures support gas exchange, maintain moisture, and deliver antimicrobial or
regenerative agents in a sustained manner.For example, electrospun polyvinyl alcohol (PVA) nanofibers
incorporating silver chloride nanoparticles have shown enhanced antibacterial and electroconductive properties,
promoting both infection control and tissue regeneration. Such hybrid scaffolds highlight the potential of
combining polymeric matrices with metallic nanoparticles to accelerate wound closure and improve healing

outcomes.31-35

Tables 1 shows a brief list of types of Nanomaterials Used in Wound Healing and Their Therapeutic Roles and

mechanisms of nanotechnology in enhancing of wound healing, respectively.

Table 1. Types of Nanomaterials Used in Wound Healing and Their Therapeutic Roles

EXAMPLES THERAPEUTIC | KEY MECHANISM | REFERENCES

ROLE
METAL Silver (AgNPs), Antimicrobial, Disrupt bacterial 12-16
NANOPARTICLES Gold (AuNPs), anti-inflammatory | membranes, enhance
Zinc Oxide (zZnO angiogenesis,
NPs) modulation of
cytokines, improve
cell migration
POLYMERIC PLGA, Chitosan, Sustained drug Controlled delivery 19-23
NANOPARTICLES PCL release, of growth factors,

biocompatibility promote fibroblast
proliferation

,improve

bioavailibility
LIPID-BASED SLN, NLC, Skin penetration, Improved topical 23-26
NANOCARRIERS Nanoemulsions drug stability absorption and

sustained release

NANO Moist wound High water retention, 36-37
HYDROGELS healing drug release
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NANOFIBERS Skin substitute, Cell adhesion 23,31,38,39
(ELECTROSPUN) scaffold
CARBON-BASED Graphene oxide, Antibacterial, Promotes cell 32
NANOMATERIALS | CNTs conductive migration and

scaffold electrical stimulation
HYBRID Metal-polymer Multifunctional Combine 40
NANOCOMPOSITES | composites wound dressing antimicrobial and

regenerative effects

Clinical Studies and Recent Advances

Recent years significant progress in the clinical translation of nanotechnology-based wound therapies, with many
formulations demonstrating safety and efficacy in preclinical and clinical studies was stablished.”?® These
systems not only improve wound closure but also reduce infections, control inflammation, and enhance cosmetic

results. 443
Metallic Nanoparticle Formulations

Several clinical trials have assessed the benefits of silver nanoparticle (AgNP)-containing dressings, which are
among the most widely studied nanotechnology-based products. AgNP dressings significantly decreased healing
time in patients with burn wounds and chronic ulcers compared with conventional gauze or antibiotic creams.
Moreover, their broad-spectrum antibacterial activity reduces the need for systemic antibiotics and minimizes
microbial resistances. Similarly, electrospun silver chloride-loaded PVA nanofibers have shown strong
antibacterial and electroconductive performance in preclinical studies, supporting their potential as next-

generation wound dressings with enhanced regenerative capacity. 446

Gold nanoparticle-based formulations have progressed to clinical evaluation owing to their excellent
biocompatibility, intrinsic antioxidant activity, and low cytotoxicity. Pilot studies have demonstrated that
hydrogels incorporating AuNPs promote granulation tissue formation, accelerate wound contraction, and do so

without eliciting adverse effects, highlighting their potential as safe and effective wound healing agents. 3

Polymeric and Lipid-Based Nanoparticles in Clinical Applications

Polymeric nanoparticles loaded with antibiotics, curcumin, or growth factors have shown considerable potential
in wound management.”?% In diabetic foot ulcer patients, topical application of chitosan-based nanoparticles
enhanced epithelialization rates and reduced infection recurrence.These beneficial outcomes are attributed to the
polymer’s intrinsic antimicrobial and regenerative properties, as well as its ability to maintain a moist and

protective microenvironment conducive to healing. 4546

Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) have likewise been evaluated in clinical
and semi-clinical studies. For example, SLN-based curcumin gels were reported to improve wound contraction

and collagen deposition in human subjects without causing irritation or toxicity. Similarly, NLC formulations
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encapsulating natural bioactives, such as aloe vera or resveratrol, accelerated tissue repair and enhanced elasticity

in post-surgical wounds. 2347

Nanofibers and Bioactive Scaffolds

Electrospun nanofibers have recently gained attention as biomimetic wound dressings capable of delivering
therapeutic agents in a controlled manner.?”2% In animal models and early human studies, nanofiber mats loaded
with antibiotics or growth-promoting peptides resulted in superior re-epithelialization compared with standard
dressings. Bioengineered scaffolds incorporating nanomaterials and stem cells have further demonstrated
synergistic effects on angiogenesis and tissue regenerate. In line with these findings, electrospun silver chloride-
loaded PVA nanofibers have been shown to combine antibacterial efficiency with electroconductive properties,

thereby enhancing cell proliferation and promoting faster wound closure. 4850

Smart and Responsive Nano platforms

Recent advances have led to the design of smart wound dressings that respond to pH, temperature, or bacterial
metabolites. These responsive systems release drugs “on-demand,” reducing dosing frequency and maintaining
therapeutic levels at the wound site. Some hydrogel-based nanoplatforms have even integrated biosensors capable

of monitoring wound pH and temperature, providing real-time feedback for clinicians.5%-%3

Challenges with nanotechnology in wound healing

Despite remarkable progress in the application of nanotechnology for wound healing, several critical challenges
continue to limit its full clinical translation.>*

Safety and Toxicological Concerns

A major challenge is the comprehensive toxicological assessment of nanomaterials used in wound care.3°*° While
nanoscale features and surface properties enhance therapeutic performance, they may also cause unintended
interactions with cells and tissues.*® For example, metallic nanoparticles such as silver and zinc oxide can induce
oxidative stress, trigger inflammation, or cause DNA damage at higher concentrations. Additionally, the long-
term biodistribution, metabolic fate, and clearance pathways after topical or systemic exposure remain
insufficiently characterized. As a result, regulatory agencies require extensive preclinical toxicology testing (in

vitro and in vivo) to define safety margins and support clinical use.>”-%

Manufacturing and Scalability Issues

Producing nanocarriers with uniform size, charge, and surface properties at industrial scale is difficult. Small
changes in synthesis parameters (e.g., temperature, pH, solvent choice) can substantially alter performance,
stability, reproducibility, and therefore complicate regulatory approval and commercial translation. This
variability affects not only reproducibility but also regulatory approval and commercial viability. Developing cost-
effective, scalable and reproducible synthesis methods that comply with Good Manufacturing Practice (GMP)

standards is critical for translating laboratory findings into clinically wound care products.®-4
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Regulatory and Ethical Challenges

Nanotechnology-based therapeutics occupy a gray area within existing pharmaceutical regulations. There is no
universal framework for evaluating their quality, efficacy, and safety, which results in delays in approval and
commercialization. In addition, ethical concerns arise regarding potential environmental accumulation of
nanomaterials and long-term patient exposure. The lack of specific standards for characterization, labeling, and
post-market surveillance further complicates regulatory pathways. For example, although electrospun silver
chloride-loaded PVA nanofibers show promising antibacterial and biocompatible properties, approval would
require detailed toxicological profiling, environmental risk assessment, and alignment with medical device and
pharmaceutical regulations. Harmonized international guidelines and multidisciplinary evaluation strategies are
therefore urgently needed clear regulatory definitions, transparent ethical frameworks, and rigorous clinical

validation will help bridge laboratory innovation and safe clinical application. 636568
Biological Barriers and Variability

Biological responses to nanomaterials can vary with wound type, patient age, comorbidities, and skin physiology.
In diabetic or immunocompromised patients, altered wound microenvironments may affect nanoparticle
penetration, distribution, and treatment effectiveness. Moreover, the wound microbiome can influence
nanoparticle behavior, antimicrobial activity, and healing outcomes. Future progress may rely on personalized

nanomedicine approaches supported by biomarker-based diagnostics and patient-specific formulations. 67
Future Perspectives

Future directions emphasize multifunctional, stimuli-responsive, and patient-specific systems. Smart
nanoplatforms that integrate controlled drug delivery, biosensing, and real-time monitoring are emerging as next-
generation wound dressings. Coupling these platforms with AI/ML could enable predictive and personalized
wound care by interpreting healing patterns and optimizing treatment strategies. In parallel, biomimetic and
bioresorbable nanomaterials—such as peptide-based or cell-derived nanoparticles—are gaining interest due to
their improved safety and regenerative potential. Electrospun silver chloride-loaded PVA nanofibers reflect this
trend by combining antibacterial, electroconductive, and biocompatible functions within a single scaffold,

illustrating how multifunctional nanomaterials can support faster healing and better outcomes. >

Conclusion

Nanotechnology has emerged as a highly promising frontier in wound management by providing innovative
materials and delivery systems that address the limitations of conventional therapies. Through precise control over
particle size, surface functionalization, and drug release kinetics, nanomaterials can modulate inflammation,
accelerate angiogenesis, and enhance tissue regeneration.The selection of an optimal nanostructure for wound
healing is strictly context-dependent, as the therapeutic efficacy of a nanomaterial is intrinsically linked to the
specific characteristics of the wound, such as its etiology (e.g., diabetic, burn, or acute), depth, and microbial load.
While liposomal systems offer superior stability and penetration for labile bioactive molecules, and metallic
nanoparticles provide potent, targeted antimicrobial action, electrospun nanofibers emerge as the most versatile
and comprehensive platform. By effectively mimicking the natural extracellular matrix (ECM), nanofibers can
integrate multiple functionalities—such as structural scaffolding, controlled drug release, and enhanced

angiogenesis—into a single system. Therefore, the future of advanced wound care lies in the development of
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hybrid, stimuli-responsive nanostructures that can be tailored to the unique physiological requirements of different

wound types, ensuring personalized and highly efficient regenerative outcomes.

In conclusion, the synergistic convergence of nanotechnology, regenerative medicine, and bioengineering
represents a transformative direction in modern wound care. With continued interdisciplinary collaboration and
robust clinical validation, regulatory alignment, nanotechnology-based interventions are expected to transition

from experimental prototypes to clinically approved therapeutic standards in the near future. 7>
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