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Abstract: Burn wounds pose intricate clinical challenges due to their severity and high risk of complications, demanding advanced
therapeutic strategies beyond conventional treatments. This review discusses the application of nanoparticle-based therapies for optimizing
burn wound healing. We explore the critical phases of burn wound healing, including inflammation, proliferation, and remodeling, while
summarizing key nanoparticle-based strategies that influence these processes to optimize healing. Various nanoparticles, such as metal-based,
polymer-based, and extracellular vesicles, are evaluated for their distinctive properties and mechanisms of action, including antimicrobial, anti-
inflammatory, and regenerative effects. Future directions are highlighted, focusing on personalized therapies and the integration of sophisticated
drug delivery systems, emphasizing the transformative potential of nanoparticles in enhancing burn wound treatment.
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Introduction

Burn wounds are among the most severe and complex injuries encountered in clinical practice. Their complexity stems from
a multifaceted healing process that requires a precise balance between different stages: hemostasis, inflammation, prolifera-
tion, and remodeling.! Each of these stages should occur in a coordinated manner to achieve optimal healing. However, the
high risk of complications, including infections, hypertrophic scarring, and chronic non-healing wounds, can exacerbate the
difficulty of treatment, making wound healing highly unpredictable and patient-dependent.” Traditional burn wound treat-
ments, such as surgical debridement, skin grafts, and topical antimicrobial agents, frequently fall short in comprehensively
addressing these challenges, highlighting the urgent need for innovative therapeutic strategies.>*

Nanotechnology has emerged as a promising field with the potential to advance burn wound care. Nanoparticles,
characterized by their nanoscale size and unique physicochemical properties, offer distinct advantages for medical
applications.” Their small size allows them to penetrate deeper into tissues and interact closely with cellular components,
enhancing their therapeutic potential. These advantages include a high surface area-to-volume ratio, which enhances their
reactivity and interaction with biological tissues, and the ability to be functionalized with various therapeutic agents,
enabling targeted and controlled delivery. The versatility of nanoparticles makes them particularly well-suited for
addressing the specific challenges associated with burn wound management.®®

Nanoparticles can be engineered to deliver therapies that modulate these critical processes.” For instance, metal-based
nanoparticles, such as silver and titanium dioxide, have demonstrated potent antimicrobial properties, significantly
reducing the risk of infection in burn wounds.'®'? Silver nanoparticles, in particular, are well-known for their broad-
spectrum antimicrobial activity against bacteria, fungi, and viruses. These nanoparticles can be incorporated into wound
dressings or topical formulations, providing a sustained release of antimicrobial agents directly at the wound site."'

In addition to infection control, managing inflammation is another crucial aspect of burn wound healing.'® Prolonged or
excessive inflammation can delay healing and lead to chronic wounds. Polymer-based nanoparticles can be designed to deliver

anti-inflammatory agents in a controlled manner, thereby reducing inflammation and promoting a conducive environment for
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healing.'*'> For example, nanoparticles loaded with corticosteroids or non-steroidal anti-inflammatory drugs (NSAIDs) can
provide sustained anti-inflammatory effects, reducing the need for frequent drug administration and minimizing systemic side
effects.'®

Tissue regeneration is a vital component of the healing process, and nanoparticles can play a significant role in
promoting this aspect of wound repair. Growth factors, such as vascular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF), are essential for cell proliferation, angiogenesis, and tissue remodeling.'”'® Nanoparticles
can be engineered to deliver these growth factors in a controlled and sustained manner, enhancing their bioavailability
and therapeutic efficacy. Moreover, extracellular vesicles (EVs) derived from stem cells have shown promise in
promoting cell proliferation and differentiation, further aiding tissue regeneration. These vesicles can be loaded into
nanoparticles, providing a targeted delivery system that enhances their regenerative potential.'® '

While nanoparticle-based therapies have been explored in various biomedical contexts, this review focuses on their novel
applications specifically tailored for burn wound healing. We We aim to elucidate how nanoparticles can target different stages of
burn healing, offering enhanced therapeutic outcomes. Metal-based nanoparticles, such as silver and titanium dioxide, are
discussed for their antimicrobial properties and role in infection control. Polymer-based nanoparticles are explored for their
ability to deliver anti-inflammatory agents and growth factors, promoting a favorable healing environment. Additionally, the
potential of EVs-loaded nanoparticles in enhancing tissue regeneration is highlighted. In contrast to traditional treatments, this
review explores how recent advances in nanoparticle-based technologies—such as personalized drug delivery systems and
innovative combinations of nanoparticles with extracellular vesicles (EVs)—have the potential to significantly improve burn
wound healing outcomes.

Pathology of Burn Wounds

Burn wounds present significant clinical challenges due to their complex and multifaceted healing process, which can be divided
into three primary stages: inflammation, proliferation, and remodeling.”*** Each stage is crucial for the successful recovery of the
wound and requires a precise and coordinated sequence of cellular and molecular events (Figure 1).2* A delay or disruption in any
one of these stages can lead to complications, such as infection, delayed healing, or abnormal scar formation.
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Figure | The mechanisms involved in the healing of burn wounds include the actions of various factors: TGF-a (transforming growth factor alpha), FGF (fibroblast growth
factor), PDGF (platelet-derived growth factor), VEGF (vascular endothelial growth factor), IL-8 (interleukin 8), and TNF-a (tumor necrosis factor alpha). Reproduced from
Huang R, Hu J, Qian W, Chen L, Zhang D. Recent advances in nanotherapeutics for the treatment of burn wounds. Burns Trauma. 2021;9:tkab026. Creative Commons.2*
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The initial inflammation stage begins immediately after the injury, characterized by the rapid activation of the
immune system.>” This phase involves the recruitment of neutrophils and macrophages to the wound site, where they
play a significant role in clearing debris, pathogens, and damaged tissue. The inflammatory response is essential for
preventing infection and setting the stage for subsequent healing processes.’®?’ Neutrophils are among the first
responders, arriving at the wound site within minutes to hours, where they exert antimicrobial effects and release signals
that attract macrophages.”® Macrophages then take over to phagocytose remaining debris and secrete cytokines and
growth factors that promote tissue repair.”’

Following the inflammation stage, the wound enters the proliferation phase, where new tissue begins to replace the
damaged one.*® This stage is marked by the proliferation of several cell types, including fibroblasts, keratinocytes, and
endothelial cells. Fibroblasts are responsible for synthesizing collagen and extracellular matrix components, forming
granulation tissue that provides a scaffold for new tissue formation. Keratinocytes proliferate and migrate across the
wound bed to re-establish the epidermal barrier in a process known as re-epithelialization.”' Endothelial cells contribute
to angiogenesis, the formation of new blood vessels, which is vital for supplying nutrients and oxygen to the healing
tissue.®”> Together, these processes result in the formation of granulation tissue, re-epithelialization, and angiogenesis,
collectively promoting wound closure and restoration of skin integrity.

The final stage of burn wound healing is remodeling, which can last for months to years. During this phase, the newly
formed tissue undergoes maturation and reorganization to enhance its strength and functionality.*®> Collagen fibers,
initially laid down in a haphazard manner, become realigned and cross-linked to form a more structured and resilient
matrix.> Myofibroblasts, specialized cells within the granulation tissue, facilitate wound contraction by pulling the edges
of the wound together, thereby reducing its size.** The result is the formation of durable scar tissue that provides
structural support and protection. However, excessive remodeling can lead to hypertrophic scarring or keloid formation,
which may cause functional and aesthetic impairments.

Several factors influence the healing process of burn wounds, making it a highly individualized and variable process.
Multiple factors, including the extent of burn injury, infection, and individual patient characteristics, significantly impact
the healing process. The severity and depth of the burn are primary determinants of the extent of tissue damage and the
complexity of the repair mechanisms required.>> Superficial burns, such as first-degree burns, typically heal with minimal
intervention, while deeper burns, such as third-degree burns, may require extensive medical intervention, including skin
grafts.?” Infection poses a major threat to the healing process, as pathogens can exacerbate the inflammatory response,
leading to prolonged inflammation and delayed healing.*® Ensuring a sterile environment and using antimicrobial agents
are critical for preventing infections in burn wounds.

Patient health and comorbidities also play a significant role in burn wound healing. Conditions such as diabetes, poor
nutrition, and immunosuppression can impair the body’s natural healing capabilities, leading to delayed or incomplete
healing. Chronic conditions may necessitate specialized treatment strategies to promote effective wound closure. Diabetic
patients, for instance, often experience impaired blood flow and neuropathy, which can complicate wound healing.’
Malnutrition can deprive the body of essential nutrients needed for cellular repair and immune function, further hindering
the healing process.*® Immunosuppressed individuals may struggle to mount an effective immune response, increasing
their susceptibility to infections and complicating wound management.

Age is another critical factor influencing burn wound healing. Younger patients typically exhibit more robust regenerative
abilities and heal faster compared to older patients.>® In pediatric patients, the skin’s higher elasticity and better overall health
contribute to more efficient healing. In contrast, older patients may experience slower recovery due to decreased cellular
turnover, reduced collagen production, and a general decline in physiological functions.** The presence of age-related
comorbidities, such as cardiovascular disease and diabetes, can further complicate the healing process in elderly patients.

Types of Nanoparticles Used in Burn Wound Treatment

Metal-Based Nanoparticles

Metal-based nanoparticles have attracted extensive attention for their unique properties and broad applications, particularly in
the treatment of burn wounds.*'**? These nanoparticles offer distinct advantages due to their antimicrobial efficacy, biocom-
patibility, and ability to enhance the healing process.
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Silver Nanoparticles

Silver nanoparticles (AgNPs) have shown substantial promise in burn wound treatment, primarily due to their potent
antibacterial properties and ability to promote tissue regeneration.*> AgNPs are effective against a wide range of bacteria,
including multidrug-resistant strains, making them invaluable in preventing and treating infections in burn wounds
(Figure 2). One approach is the development of an injectable antibacterial hydrogel that combines asiaticoside-loaded
liposomes with ultrafine AgNPs. This hydrogel promotes enhanced healing in infected burn wounds through a sustained
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Figure 2 An example of AgNPs in burn wound. (A and B) UV-vis absorption spectra of silver oxide NPs synthesized from an MC solution with 1.0 wt% silver acetate over
48 hours. (C) Evaluation of the healing effects of ointments on burn-induced skin damage through histopathological analysis using Hematoxylin and Eosin (H&E) staining
(x40). Reprinted from Carbohydr Polym, volume 181, Kim MH, H Park HC. Injectable methylcellulose hydrogel containing silver oxide nanoparticles for burn wound healing.
579-586, copyright 2018, with permission from Elsevier.*?
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release of silver ions (Ag+), which not only helps to combat infection but also stimulates cellular activities like migration
and angiogenesis, crucial for tissue repair. In vivo studies demonstrate its superior performance compared to standard
treatments, highlighting its potential as a cutting-edge therapeutic option** Additionally, a biodegradable gelatin/silver
nanoparticle composite cryogel has shown remarkable properties. This cryogel exhibits excellent antibacterial and
antibiofilm activities, effectively addressing the challenges of high exudate production in burn wounds. Its high water
absorption capacity allows for optimal moisture balance, while its hemostatic capabilities are vital for managing blood
loss, particularly in severe injuries. Experimental models have confirmed its effectiveness in promoting wound contrac-
tion, collagen deposition, and angiogenesis.*> Another promising approach is a sandwich-structured composite wound
dressing with AgNPs firmly anchored to prevent systemic toxicity while ensuring sustained antimicrobial activity. This
dressing has demonstrated long-term efficacy in reducing infection rates and enhancing healing in porcine models of
severe burns.*®

Radiosterilized porcine skin functionalized with AgNPs represents another new approach. This method effectively
prevents infections in deep burns and shows substantial antibiofilm effects against multidrug-resistant Pseudomonas aerugi-
nosa while maintaining a favorable cytotoxicity profile.*” The use of radiosterilized pig skin impregnated with AgNPs also
serves as a scaffold for autologous skin cells, promoting extracellular matrix deposition and improving overall wound healing
in both pre-clinical and clinical settings.*® Collectively, these studies underscore the significant potential of AgNPs in
developing advanced wound dressings. These dressings not only exhibit strong antibacterial properties but also effectively
promote wound healing, making them highly valuable for managing burn injuries. The incorporation of AgNPs into various
delivery systems and materials enhances their efficacy and expands their applications in burn wound care.

Gold Nanoparticles

Gold nanoparticles (AuNPs) have emerged as potent agents for enhancing burn wound treatment due to their unique properties
and potential to improve therapeutic outcomes.*’ These nanoparticles are renowned for their biocompatibility, ease of surface
modification, and ability to serve as carriers for various therapeutic agents, making them highly effective in addressing the
complex requirements of burn wound healing.*® A key function is their ability to improve the delivery of vascular endothelial
growth factor (VEGF), a vital protein for angiogenesis and tissue regeneration. AuNPs can be engineered with negatively charged
surfaces, which facilitates the efficient transdermal delivery of VEGF across the skin barrier, significantly boosting wound repair
by enhancing vascularization. This targeted delivery helps overcome the limitations associated with traditional VEGF adminis-
tration methods, which often struggle to reach lesion sites effectively.”® The surface modification of AuNPs for targeted delivery
emphasizes their adaptability and effectiveness in enhancing specific healing processes in burn wounds (Figure 3).

The therapeutic potential of phytochemical-capped AuNPs has also been explored with promising results for skin
regeneration in both surgical and burn wounds. These Phyto-AuNPs demonstrated significant improvements in skin
regeneration, characterized by a thicker epidermis, reduced levels of metalloproteinase-1 (MMP-1), and increased
activity of superoxide dismutase (SOD). These findings indicate that Phyto-AuNPs can modulate the wound healing
environment, reducing matrix degradation while enhancing antioxidant defenses, which are crucial for tissue repair.>>
The use of phytochemicals in capping AuNPs highlights the potential for combining nanotechnology with natural
compounds to achieve synergistic healing effects.

Additionally, the environmentally friendly “green” synthesis of AuNPs using plant extracts, such as Tragopogon
dubius, not only makes the production process sustainable but also imbues these nanoparticles with notable antibacterial
properties. The synthesized AuNPs have been shown to effectively reduce bacterial loads, particularly against pathogens
like Staphylococcus aureus, which is commonly involved in wound infections. By lowering the bacterial presence in burn
wounds, AuNPs promote a more conducive environment for healing, further facilitating tissue regeneration and repair.”
This method not only provides a sustainable approach to nanoparticle synthesis but also enhances the biological activity
of AuNPs, broadening their applicability in burn wound treatment.

These studies collectively illustrate the versatility and promising outcomes of AuNPs in burn wound healing. The
ability of AuNPs to enhance various aspects of the healing process, from promoting angiogenesis and tissue regeneration

to providing antibacterial protection, underscores their potential as multifaceted therapeutic agents. However, while
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Figure 3 Representative example of AuNPs in the treatment of burn wound. (A) The synthesis process for AuNPs-COOH with VEGF, and the Zeta potential measurement
after conjugation of AUNP-PEG-COOH with VEGF (AuNP-CONH-VEGF). (B) H&E staining was conducted on skin cross sections 7 days after transdermal treatment with
blank control, VEGF-Applied, AuNP-CONH-VEGF, and AuNP-CONH-OVA. Scale bars were set at 50 pm (top panels) and 20 pm (bottom panels). Reproduced with
permission from Chen Y, Gao ), Zhang Z, et al. Transdermal Vascular Endothelial Growth Factor Delivery with Surface Engineered Gold Nanoparticles. ACS Appl Mater
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initial findings are encouraging, further research is necessary to fully understand the mechanisms by which AuNPs exert
their effects and to optimize their use in clinical settings.

Zinc Oxide Nanoparticles

Advances in nanotechnology have highlighted the potential of zinc oxide nanoparticles (ZnO NPs) in enhancing burn
wound treatment due to their antimicrobial, antioxidant, and wound-healing properties. Research has shown that a cream
formulated with ZnO NPs and calendula extract significantly promotes tissue regeneration and fibroblast proliferation in
burn-injured Wistar rats. This indicates that ZnO NPs not only possess inherent antimicrobial and antioxidant properties
but also work synergistically with calendula to enhance wound healing processes.’* In another approach, incorporating
ZnO NPs into wheat gluten films enriched with vitamins A and E has demonstrated substantial benefits in wound healing,
including improved wound contraction, re-epithelialization, and collagen deposition in mouse models. The vitamins may
enhance the antioxidant effects and cellular signaling pathways involved in healing, thereby creating a robust platform
for advanced wound care materials.’>> The combination of ZnO NPs with essential vitamins suggests a comprehensive
strategy to enhance various aspects of wound healing.

Further research has explored incorporating ZnO NPs with biopolymers to develop gels with enhanced rheological
properties and improved burn wound healing. These formulations demonstrated superior mechanical stability and facilitated
more effective wound management.’®>” Integrating biopolymers with ZnO NPs provides a versatile platform for developing
advanced wound care materials. The immobilization of ZnO NPs alongside bromelain on silk fibroin nanofibers has resulted in
a highly effective antibacterial and anti-inflammatory dressing for second-degree burns. This dressing not only provides
a physical barrier against infection but also releases ZnO NPs and bromelain gradually, which can modulate inflammatory
responses and promote fibroblast activity—essential for effective healing.”® The combination of ZnO NPs with proteolytic
enzymes like bromelain represents a novel approach to modulating the wound environment for improved healing outcomes.
Flexible films composed of chitosan, alginate, and bentonite, integrated with ZnO NPs, have also been developed. These films
demonstrated excellent antibacterial activity and promoted dermal burn healing, emphasizing the importance of film
composition in wound treatment efficacy.’® The use of natural polymers in combination with ZnO NPs provides
a biocompatible and effective means of treating burn wounds (Figure 4). Additionally, a new bioactive hydrogel enriched
with ZnO NPs and vitamin C derived from decellularized extracellular matrix has shown remarkable results in burn wound
management in rabbits. The hydrogel’s formulation promotes significant wound contraction and reduces inflammation while
enhancing collagen synthesis, highlighting the importance of ZnO NPs in facilitating tissue repair and regeneration.® Overall,
the integration of ZnO NPs into various formulations underscores their potential as versatile agents in burn wound healing,
operating through mechanisms that enhance cell proliferation, reduce infection, and accelerate tissue regeneration, making
them a promising option for advanced therapeutic strategies in wound care.

Titanium Dioxide Nanoparticles

Recent developments in nanotechnology have significantly advanced the treatment of burn wounds, particularly through the
application of titanium dioxide nanoparticles (TiO, NPs). These nanoparticles are increasingly recognized for their multi-
functional properties, which offer new avenues for improving wound care. One noteworthy strategy involves creating mem-
branes from chitosan and cellulose that are integrated with sulfur-doped TiO, NPs. Utilizing a freeze gelation technique, these
membranes exhibit significant swelling capacity, biodegradability, and proangiogenic properties. The inclusion of TiO, NPs in
these membranes has been shown to promote angiogenesis, the formation of new blood vessels, which is vital for supplying
nutrients and oxygen to the healing tissue. Additionally, TiO, NPs can enhance cellular metabolic activities, fostering an
environment conducive to effective wound healing.®' In another development, multifunctional polycaprolactone yolk-shell
particles (YSPs) have been engineered to incorporate TiO,-Ag nanoparticles and Ganoderma lucidum polysaccharides. These
components are included for their antibacterial and antioxidant properties, while iron oxide nanoparticles are added for their
photothermal therapeutic effects. The YSPs exhibit exceptional biocompatibility along with potent antioxidant and antibacterial
properties.® Their efficacy in improving burn wound healing has been notably enhanced when combined with laser-assisted
therapy, underscoring the potential of TiO, NPs in conjunction with other therapeutic modalities (Figure 5). Furthermore,
a hybrid sponge dressing has been developed by combining dopamine-modified hyaluronic acid, gelatin, polyhexamethylene
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Figure 4 An example of ZnO NPs in treating burn wounds. (A) Highly flexible and transparent chitosan/bentonite films, integrated with gelatin and ZnO nanoparticles
obtained through green synthesis, were developed as an effective skin dressing for treating burn injuries. (B) A schematic illustration of the composite film preparation
process. Reprinted from Int | Biol Macromol, volume 184, Nozari M, Gholizadeh F. Studies on novel chitosan/alginate and chitosan/bentonite flexible films incorporated with
ZnO nano particles for accelerating dermal burn healing: in vivo and in vitro evaluation. 235-249, Copyright 2021, with permission from Elsevier.>”

biguanide, and TiO, NPs. This innovative dressing features remarkable mechanical strength, effective wet adhesion, and strong
antibacterial properties. The ability of the dressing to scavenge reactive oxygen species (ROS) is particularly beneficial, as excess
ROS can impede healing and promote inflammation. In vivo studies have demonstrated that this multifunctional sponge dressing
significantly accelerates the healing of infected full-thickness burn wounds by promoting key processes such as
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Figure 5 The application of TiO, NPs in burn wounds. (A) Schematic diagrams of the trineedle coaxial electrospraying system and collection apparatus utilized in this study.
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reepithelialization, collagen deposition, and angiogenesis. Moreover, it modulates inflammatory responses, reducing excessive
inflammation that can complicate healing."3 Overall, TiO, NPs contribute to a comprehensive approach to burn wound
management by improving angiogenesis, supporting cellular metabolism, and controlling inflammation.

Polymer-Based Nanoparticles

Polymer-based nanoparticles (PNPs) represent a cutting-edge advance in burn wound treatment, showing exceptional
versatility and efficacy. These nanoparticles are designed to deliver therapeutic agents in a controlled manner while
minimizing cytotoxic effects.®” Their unique properties make them highly suitable for addressing the complexities
associated with burn wounds, including infection control, inflammation reduction, and tissue regeneration.

Biodegradable Polymer-Based Nanoparticles

Biodegradable PNPs have emerged as a significant kind of materials in burn wound treatment, offering notable benefits
such as sustained drug release and reduced cytotoxicity. Quercetin-loaded PLGA nanoparticles exemplify the effective-
ness of this approach. A prominent example is quercetin-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles,
which have demonstrated remarkable effectiveness in enhancing wound healing. In studies involving Wistar albino rats,
these nanoparticles not only accelerated wound closure but also mitigated inflammation. Quercetin, a naturally occurring
flavonoid known for its strong antioxidant and anti-inflammatory properties, is encapsulated within PLGA nanoparticles,
which improves its solubility and cellular uptake, thereby maximizing its therapeutic benefits in burn treatment.**
Another noteworthy application is the formulation of a bio-nanocomposite that combines carmustine with gold nano-
particles. This innovative approach not only provides anti-tumor effects but also promotes tissue healing in burn wounds.
The presence of gold nanoparticles enhances the delivery and efficacy of carmustine, showing a multifaceted strategy that
addresses both cancer treatment and wound care simultaneously.®> Additionally, marine collagen sponges infused with
phyto-silver nanoparticles represent an advancement in burn therapy. Marine collagen is well-regarded for its biocompat-
ibility and regenerative potential, making it an excellent scaffold for wound healing. When combined with phyto-silver
nanoparticles, which offer antimicrobial properties, these sponges facilitate sustained drug release and promote tissue
regeneration. The synergy between the collagen matrix and the nanoparticles creates an effective therapeutic environment
conducive to healing.®® This emphasizes the potential of integrating natural materials with nanotechnology for innovative
burn wound therapies. The application of biodegradable polymer-based nanoparticles in burn wound healing exemplifies
the potential of nanomedicine to address complex medical challenges. By ensuring sustained drug release and minimiz-
ing cytotoxicity, these nanoparticles offer a promising solution for enhancing the healing process.

Synthetic Polymer-Based Nanoparticles

Synthetic polymers such as polyethylene glycol (PEG) and polyvinyl alcohol (PVA) have shown significant efficacy in
nanoparticle-based therapies for burn wound treatment. These polymers serve as functional carriers for therapeutic
agents, enhancing drug stability and enabling controlled release. A prime example is the use of curcumin-loaded PEG
integrated into chitosan-gelatin nanoparticles (C-PEG-CGNPs). In experimental studies on rats, these nanoparticles
facilitated significant improvements in burn wound healing, marked by enhanced fibroblast distribution, accelerated
reepithelialization, and reduced inflammation. The combination of curcumin—known for its potent anti-inflammatory
and antioxidant properties—with PEG and chitosan-gelatin matrices results in a synergistic effect that optimizes the
wound repair process, potentially by modulating inflammatory pathways and promoting cellular proliferation through the
regulation of key proteins like Bcl-2 and caspase-3.°” Another approach involves hyaluronate nanoparticles incorporated
into polymer films containing vitamin E and Aloe vera extract. This formulation provides a dual mechanism: the polymer
films support controlled release of vitamin E, an antioxidant that helps protect skin cells, while Aloe vera contributes its
renowned healing and soothing effects. This strategy exemplifies the potential of combining synthetic polymers with
natural extracts, enhancing overall skin regeneration and wound healing through a multifaceted approach.®® Chitosan-
silver curcumin nanocomposites (Chi-Ag Cur NC) represent yet another promising application in burn wound care.
These nanocomposites leverage the antibacterial properties of silver alongside the anti-inflammatory benefits of curcu-
min. The green synthesis approach used in creating these nanocomposites not only maintains biocompatibility with
human dermal fibroblasts but also ensures the efficacy of the antibacterial components against common pathogens
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associated with burn wounds. By targeting bacterial infections while simultaneously promoting healing, Chi-Ag Cur NC
can address two critical aspects of burn wound management.*® Overall, synthetic polymers like PEG and PVA
significantly enhance the controlled release and bioavailability of therapeutic agents, making them excellent candidates
for advanced wound healing therapies. Their integration into nanomedicine represents a cutting-edge approach to
overcoming the complexities of burn wound treatment.

Natural Polymer-Based Nanoparticles

Natural polymers offer unique advantages in developing nanoparticle-based therapies aimed at enhancing the healing
process while ensuring compatibility with biological tissues. A notable example involves the use of cinnamon nano-
particles encapsulated within chitosan-gelatin nanoparticles (CNP-CGNPs). Research conducted on rats with diabetic
foot ulcers revealed that these nanoparticles significantly accelerated wound healing. The treatment not only expedited
wound closure but also demonstrated improved histomorphometric outcomes, which can be attributed to the combination
of chitosan and gelatin that leveraged cinnamon’s intrinsic antimicrobial and anti-inflammatory properties, thereby
optimizing the healing process.”’ Another promising application is a biodegradable composite hydrogel made from
gelatin and silver nanoparticles. This hydrogel exhibited robust antibacterial and antibiofilm properties, making it
particularly effective for treating infected burn wounds. In studies, it was shown to promote wound contraction, stimulate
collagen deposition, and enhance angiogenesis while simultaneously reducing inflammation. The integration of silver
nanoparticles into the gelatin matrix significantly boosted the antimicrobial efficacy of the hydrogel, providing an
effective solution for burn wounds prone to infection.* Furthermore, microwave-modified chitosan-curcumin nanopar-
ticles have demonstrated superior physicochemical properties and sustained drug release profiles. These nanoparticles not
only exhibited strong antimicrobial activity against common pathogens but also encouraged cell migration in human
dermal fibroblasts, which is crucial for effective wound healing. The microwave treatment enhanced the stability and
bioavailability of curcumin—known for its anti-inflammatory and antioxidant effects—thereby amplifying its therapeutic
potential.”! Overall, the application of natural polymer-based nanoparticles in burn wound healing illustrates their ability
to synergistically enhance the healing process through various molecular mechanisms, such as promoting cell prolifera-
tion, modulating inflammation, and facilitating tissue regeneration. The development of these advanced materials
continues to hold promise for improving clinical outcomes in burn wound management.

Extracellular Vesicles in Burn Wound Healing

Exosomes

Recent research has underscored the significant therapeutic potential of exosomes in burn wound treatment through various
mechanisms. Exosomes, small membrane-bound vesicles secreted by cells, are rich in proteins, lipids, and nucleic acids,
which they transfer to recipient cells, influencing numerous cellular processes.’>”* One critical insight from next-generation
sequencing studies is the identification of specific microRNA (miRNA) profiles within plasma exosomes from burn patients.
These miRNAs are implicated in modulating gene expression associated with the wound healing response. Notably, certain
upregulated miRNAs were found to interact with key genes involved in cellular proliferation and inflammation, illustrating
how exosomes can regulate the post-burn cellular environment and promote recovery.”* Furthermore, exosomes derived
from human induced pluripotent stem cell (iPSC) keratinocytes have shown remarkable efficacy in accelerating burn wound
healing. Specifically, miR-762 within these exosomes has been shown to enhance the migration of keratinocytes and
endothelial cells, crucial for angiogenesis and re-epithelialization. This mechanism underscores the capacity of iPSC-
derived exosomes to facilitate vital processes in wound healing, such as cellular migration and blood vessel formation.”
Adipose-derived mesenchymal stem cell (ADMSC) exosomes, particularly when integrated into a controlled-release
hyaluronan hydrogel, have also demonstrated significant therapeutic effects. This hydrogel system not only ensures sustained
release of the exosomes but also fosters a favorable microenvironment for cell proliferation, migration, and collagen
remodeling—essential processes for effective wound repair.”> Additionally, innovative applications combining exosome-
laden hydrogels with antimicrobial peptides have emerged. This approach not only promotes wound healing but also
mitigates scar formation by regulating fibroblast activity and inhibiting excessive collagen deposition. The synergistic effects
of these therapies illustrate a novel strategy for enhancing healing while minimizing scarring, which is often a major concern
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in burn recovery (Figure 6).”° Overall, exosomes represent a promising avenue for burn wound therapy, operating through
complex molecular interactions that enhance healing processes, improve tissue regeneration, and potentially reduce com-
plications associated with burn injuries.

Other EVs

In addition to exosomes, other types of EVs have also shown significant potential in enhancing burn wound treatment through
various mechanisms. Plasma EVs released after severe burn injuries have been found to modulate macrophage phenotypes and
functions, mimicking immune responses observed in burn victims and implicating EVs in post-burn immune dysfunction.”” This
highlights the role of EVs in regulating immune responses following burn injuries. Small extracellular vesicles (sEVs) from
human menstrual blood-derived mesenchymal stem cells have emerged as promising agents in managing third-degree burns.
These sEVs facilitate wound closure and promote neoangiogenesis, enhancing the formation of new blood vessels essential for
effective healing. The regenerative properties of these SEVs illustrate their capability to address severe burn injuries.”®
Additionally, factors and EVs isolated from human lipoaspirate fluid have demonstrated a significant ability to accelerate
wound healing in rat models. These EVs not only enhance the quality of healed skin by promoting the regeneration of cutaneous
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appendages but also minimize scar formation, showcasing their therapeutic potential.”® Similarly, microvesicles derived from
induced pluripotent stem cells (iPSCs) have been shown to expedite the healing of deep second-degree burns. The healing effect is
primarily mediated by miR-16-5p, a microRNA that promotes keratinocyte migration, highlighting the essential role of
microRNAs carried by EVs in tissue repair.*® Various EVs exert their beneficial effects by modulating immune responses,
enhancing cell migration, and improving overall wound healing quality through intricate biological pathways. This positions EVs
as a transformative approach in burn care, offering targeted and effective treatments that meet the multifaceted needs of wound
healing.

Engineered EVs

With the development of engineered EVs, the therapeutic potential of EVs in burn wound treatment is further enhanced.
Engineered EVs can be designed to carry specific cargo, such as growth factors, cytokines, or miRNAs, to target and
modulate specific pathways involved in wound healing. For instance, engineered EVs could be loaded with growth
factors to stimulate angiogenesis or with anti-inflammatory cytokines to reduce inflammation.®’

Although engineered EVs offer a targeted and effective approach to promoting wound healing and tissue regeneration, their
application in burn wounds is limited by challenges related to production scalability, storage stability, and safety concerns. The
large-scale production of engineered EVs that maintain consistent quality and functionality remains a significant hurdle.
Additionally, ensuring the stability of EVs during storage and transport is crucial for their effective clinical application. Safety
concerns, including the potential for immune reactions or unintended effects, also need to be thoroughly addressed.**

Further research is needed to address these challenges and optimize the use of engineered EVs for burn wound
treatment. This includes developing robust manufacturing processes, establishing standardized protocols for EV storage
and transport, and conducting comprehensive safety assessments. By overcoming these obstacles, the full therapeutic
potential of engineered EVs can be realized, paving the way for their effective application in clinical settings.

Mechanisms of Action

Antimicrobial Properties

NPs exhibit remarkable antimicrobial activity, particularly useful in burn wound management, where infections often complicate
healing. Their antimicrobial effects are multifaceted, involving physical and chemical interactions with microbial cells that lead
to their destruction. One prominent mechanism is the generation of reactive oxygen species (ROS) by silver (Ag) and zinc oxide
(ZnO) nanoparticles. These ROS disrupt bacterial cell membranes, proteins, and nucleic acids, ultimately leading to cell death.
For instance, Ag NPs bind to bacterial cell walls, causing structural damage and the release of silver ions, which interfere with
microbial respiration. This action is particularly effective against antibiotic-resistant strains like Acinetobacter baumannii and
Pseudomonas aeruginosa, both of which are common in burn wounds. Research demonstrates that green-synthesized Ag and
ZnO NPs, characterized by techniques such as UV-visible spectroscopy and scanning electron microscopy, display high
antibacterial activity against these pathogens when incorporated into cotton bandages.*®> Nanoparticles also target bacterial
biofilms, which are resilient microbial communities that protect bacteria from antibiotics. An approach using curcumin-nisin-
based poly(L-lactic acid) nanoparticles (CurNisNp) in antimicrobial photo-sonodynamic therapy (aPSDT) has shown efficacy in
breaking down biofilms. This method, by generating ROS in response to light and ultrasound irradiation, not only inhibits biofilm
growth but also accelerates skin re-epithelialization in infected burn wounds.'® Silver nanoparticles incorporated into hydrogels,
synthesized via gamma radiation, have proven to be highly effective antimicrobial agents. These hydrogels release silver ions
over time, killing pathogens like Staphylococcus aureus and Candida albicans. Their ability to maintain microbial inhibition
while promoting fluid absorption makes them ideal for treating burns.** Additionally, polycaprolactone-gelatin-silver membrane
(PCLGelAg) has exceptional antibacterial efficacy, effectively eliminating both Gram-positive and Gram-negative bacteria with
the lowest minimum bactericidal concentration (MBC). All three dressings—PCLGelAg, Aquacel, and UrgoTul—demonstrated
antibacterial activity within the first 24 hours, promoting wound healing and preventing infection and inflammation (Figure 7).%°
When combined zinc oxide (ZnO) nanoparticles with hydrogels, they offer dual benefits—antimicrobial action and anti-
inflammatory effects. By inhibiting bacterial growth and reducing inflammation at the wound site, these composite materials
promote faster healing of burn wounds.*® In summary, nanoparticles provide a potent, multi-targeted approach to combating
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microbial infections in burn wounds. Through ROS generation, membrane disruption, biofilm degradation, and sustained
antimicrobial release, nanoparticles enhance both the elimination of pathogens and the wound healing process.

Anti-Inflammatory Effects

Nanoparticles exhibit significant anti-inflammatory properties, which are crucial for effective burn wound healing.
Several nanoparticle-based approaches have been effective in mitigating excessive inflammation, preventing infection,
and promoting tissue regeneration. A prominent example is a bio-functional hydrogel incorporating methacrylate gelatin
(GelMA) with silver nanoparticles embedded in y-cyclodextrin metal-organic frameworks (Ag@MOF) and hyaluronic
acid-epigallocatechin gallate (HA-E). This hydrogel modulates immune responses by promoting the polarization of
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macrophages from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype, which is crucial for
resolving inflammation and promoting tissue repair. This polarization shift is mediated by the activation of the
noncanonical Wnt signaling pathway, which plays a role in immune regulation and angiogenesis, contributing to
improved burn wound healing through enhanced collagen deposition and accelerated re-epithelialization.®’

Aloe vera peel-derived nanovesicles (AVpNVs) also demonstrate significant anti-inflammatory properties by downregulating
the secretion of pro-inflammatory cytokines, such as TNF-a, IL-1B, and IL-6, in lipopolysaccharide (LPS)-stimulated macro-
phages and keratinocytes. This reduction in cytokine levels prevents chronic inflammation and fibrosis by inhibiting myofibro-
blast differentiation. The molecular mechanism involves the suppression of transforming growth factor-beta (TGF-f)-mediated
pathways, which are associated with fibrosis and scar formation.®® In another study, biosynthesized silver nanoparticles (AgNPs)
incorporated into an ointment with Rhodiola rosea demonstrated potent anti-inflammatory effects. The AgNPs exert their
influence by regulating both pro-inflammatory (IL-1p, IL-6) and anti-inflammatory (IL-10) gene expression. This dual regulation
helps modulate the balance between inflammatory and reparative phases of wound healing. The ointment also reduced epidermal
thickness and mast cell infiltration, further illustrating its ability to mitigate the inflammatory response and promote wound
closure.*” Similarly, a multifunctional nanocomposite combining hexachlorocyclotriphosphazene, Phloretin, and AgNPs (HPA)
demonstrated a synergistic effect in controlling excessive inflammation. The sustained release of Phloretin from the nanoplatform
scavenges reactive oxygen species (ROS) and inhibits the overproduction of pro-inflammatory cytokines, such as IL-6 and TNF-
a, within the wound microenvironment. This regulation of oxidative stress and inflammation promotes collagen deposition and
tissue regeneration (Figure 8).” In the context of corneal burns, synthetic high-density lipoprotein nanoparticles (HDL NPs)
complexed with microRNAs (miR-HDL NPs) showed an ability to reduce inflammation by targeting inflammatory signaling
pathways at a molecular level, specifically by inhibiting the NF-kB pathway. This downregulation of NF-kB decreases the
expression of pro-inflammatory cytokines and enhances epithelialization in alkali-burn-induced wounds.”" Collectively, these
studies highlight the critical role of nanoparticles in modulating the inflammatory response during burn wound healing. By
targeting molecular pathways, such as the noncanonical Wnt, NF-xB, and TGF-f pathways, nanoparticles help to fine-tune the
immune response, reduce excessive inflammation, and promote a more efficient healing process.

Promotion of Angiogenesis and Tissue Regeneration

Nanoparticles have shown considerable potential in promoting angiogenesis and tissue regeneration, crucial for effective burn
wound healing. Various nanoparticle-based strategies have demonstrated efficacy in enhancing wound repair, primarily through
molecular pathways that influence cellular behavior, growth factors, and the extracellular matrix (ECM). One notable example
involves an injectable hydrogel based on hyaluronic acid incorporating copper sulfide nanoparticles (CuS/HA). This hydrogel
exhibited a photothermal effect that significantly promoted angiogenesis by upregulating vascular endothelial growth factor
(VEGF), a critical growth factor for new blood vessel formation. VEGF binds to its receptors (VEGFR-1 and VEGFR-2) on
endothelial cells, triggering intracellular signaling pathways like PI3K/AKT and MAPK, which promote endothelial cell
proliferation, migration, and tube formation. The hydrogel also increased collagen deposition, supporting ECM remodeling
and enhancing wound healing.”” Similarly, chitosan/collagen hydrogels loaded with cerium oxide and cerium peroxide
nanoparticles demonstrated significant pro-angiogenic properties, particularly with cerium peroxide. Cerium peroxide induces
neovascularization by modulating oxidative stress through the regulation of reactive oxygen species (ROS). Controlled ROS
levels act as signaling molecules, stimulating angiogenesis by activating hypoxia-inducible factor-1o. (HIF-1a), which in turn
upregulates VEGF expression. This oxidative modulation, alongside the structural support provided by the hydrogel, accelerates
wound healing by enhancing blood vessel formation at the wound site.”® TiO2 nanoparticles also promote burn wound healing
through specific interactions with blood serum proteins. TiO2 nanoparticles adsorb proteins like fibrinogen and fibronectin,
facilitating coagulation and forming a protective layer over the wound. This not only prevents infection and inflammation but also
provides a scaffold for cell adhesion and migration, leading to faster tissue regeneration. Additionally, TiO2-induced coagulation
stabilizes the wound environment, allowing for more efficient cellular proliferation and ECM deposition, which are essential for
reducing healing time and minimizing scar formation.”* Moreover, a multifunctional hydrogel based on carboxymethyl cellulose,
polyacrylamide, and polydopamine (CMC/PAAmM/PDA) loaded with vitamin C and curcumin further illustrates the role of
nanoparticles in tissue regeneration. Curcumin-loaded nanoparticles enhance the anti-inflammatory response by inhibiting the
nuclear factor-kappa B (NF-«kB) pathway, which reduces the expression of pro-inflammatory cytokines like TNF-a and IL-6. By
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dampening inflammation, curcumin supports the transition from the inflammatory phase to the proliferative phase of healing.
Additionally, curcumin promotes angiogenesis by increasing VEGF and CD31 expression, which drives neovascularization and
collagen deposition, thereby facilitating faster wound closure and re-epithelialization (Figure 9).%> In conclusion, the multifaceted
roles of nanoparticles in modulating key molecular pathways, such as VEGF signaling, oxidative stress regulation, and ECM
remodeling, are critical for promoting angiogenesis and tissue regeneration in burn wounds.

Future Directions and Emerging Trends

The field of burn wound treatment is undergoing a significant transformation, driven by the integration of personalized
medicine and nanoparticle-based therapies. NPs can be engineered to deliver therapeutic agents—such as drugs, growth
factors, or genetic materials—directly to the wound site, enhancing the precision and efficacy of treatment. This ability to fine-
tune the composition, size, and surface properties of NPs allows for treatments that are better tailored to individual patient
needs, improving outcomes and reducing adverse effects.”® Moreover, the combination of NPs with advanced drug delivery
technologies like hydrogels, microneedles, and transdermal patches offers a controlled and sustained release of therapeutics,
optimizing drug concentrations at the wound site over extended periods, thus improving patient compliance.® Despite these
advances, there remain significant challenges in translating NP-based therapies from laboratory research to clinical practice.
Key barriers include the scalability of NP production, the need for stringent regulatory approval, and concerns about the long-
term safety and potential toxicity of NPs. Additionally, manufacturing large quantities of nanoparticles while maintaining
consistency in their size, purity, and bioactivity is a significant obstacle. Regulatory frameworks will also need to evolve to
address the complexities of nanoparticle-based products, which often involve novel materials and delivery methods.
Preclinical and clinical trials are crucial to addressing these challenges, particularly in establishing the safety, efficacy, and
cost-effectiveness of these therapies. Looking ahead, future research should focus on addressing knowledge gaps in NP
behavior, including their long-term effects in the human body, immune system interactions, and the optimization of delivery
systems for different types of burn wounds. Innovations such as scalable NP production methods, better safety profiles, and
standardized treatment protocols will be essential to facilitate regulatory approval and clinical adoption. These advancements,
coupled with personalized medicine approaches, hold the potential to bring NP-based burn wound therapies from the bench to
bedside, significantly improving patient outcomes and establishing a new standard of care in burn wound management.
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