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Abstract. Wound healing is a multifaceted and tightly
regulated process involving four sequential, yet overlapping
phases: Hemostasis, inflammation, proliferation and remod-
eling. Chronic wounds and extensive tissue injuries often
remain unresolved due to the limitations of conventional
therapies, including poor drug bioavailability, inadequate
targeting and the lack of sustained release. Recent advances
in drug delivery technologies have significantly improved
therapeutic outcomes by enabling the precise, localized and
temporally controlled delivery of regenerative agents. The
present review explores the latest innovations in drug delivery
systems, including nanoparticles, hydrogels, microneedles,
exosomes and 3D-printed scaffolds, that facilitate enhanced
tissue regeneration. These systems improve the delivery of
bioactive molecules, including growth factors, stem cells
and small-molecule drugs, thereby promoting angiogenesis,
cellular proliferation and extracellular matrix remodeling,
while reducing inflammation and the risk of infection.
Furthermore, stimuli-responsive delivery platforms that
react to pH, enzymatic activity, or oxidative stress provide
dynamic regulation of the wound microenvironment.
The integration of innovative biomaterials with biologics
and engineering solutions marks a transformative step in
regenerative wound care. The present review provides a
comprehensive discussion of emerging drug delivery strate-
gies that hold promise for accelerating and managing wound
healing.
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1. Introduction

A wound is defined as a disruption in the normal anatomical
structure of the skin or underlying tissues, typically caused by
external forces such as trauma, surgery or accidents (1). The skin
is a protective covering and a sound barrier that separates the body
from the various environmental factors and wards off the invasion
of harmful microbes. If the skin is injured, it also creates openings
through which germs can invade the body, thereby significantly
increasing the risk of disease or infection (2). In particular,
extensive damage to the skin results in a massive loss of vital
fluids, electrolytes and nutrients, which may eventually become a
grave risk to life and could lead to fatal outcomes if handled with
negligence (1,3). Millions of individuals worldwide suffer from
both acute and chronic wounds annually; thus, this is not only
serious health issue, but also poses a heavy economic burden. The
numbers of patients with chronic wounds, representing ~2-6% of
the global population, exhibit a steadily increasing incidence. In
the USA, the average annual treatment cost surpasses 20 billion
dollars, rendering these cutaneous wounds a significant clinical
challenge necessitating urgent resolution (4).

The primary goal of successful wound care and treatment
is to facilitate the healing of the skin at the earliest possible
time, with the added assurance that the resulting outcome
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is the best possible in terms of function and appearance (5).
Over the past few years, a substantial increase in severe wound
infections and chronic wounds has been observed (6). Chronic
wounds usually exhibit necrotic tissue, a high pH level and an
exceptionally high concentration of metalloprotease. These,
in unison, disable the normal process of physiological healing
events necessary for healing. Contrary to this, normal acute
wounds heal very readily without the need for any therapeutic
intervention or further medical treatment. The peculiar char-
acteristics of these chronic wounds provide an exceptionally
favorable environment for the invasion and growth of patho-
gens, which is the main reason for wound infections being so
common in these wounds (7).

Contemporary interventions, including debridement,
off-loading, antibiotics and negative pressure wound therapy,
are extensively utilized in clinical settings. Nevertheless, these
interventions only seek to decelerate the course of diabetic
foot ulcers and mitigate discomfort, without completely
restoring the complex and extended healing process,
frequently rendering wounds susceptible to recurrence (8,9).
Chronic and acute wounds pose significant healthcare chal-
lenges, particularly in patients with diabetes and in those who
are immunocompromised. Conventional treatments often fail
to achieve complete healing, necessitating advanced drug
delivery strategies to optimize therapeutic outcomes (10). The
scientific community is increasingly interested in areas related
to skin regeneration. It is well established that nano-drug
delivery systems significantly enhance and improve the
process of wound healing and the quality of healing in general
through a variety of apparent and substantial advantages (11).
Research has demonstrated that nano-drug delivery systems
are non-toxic and do not produce any adverse effects, rendering
them completely compatible with the skin and allowing for safe
utilization without any reaction. Furthermore, they provide a
good moist environment, which is essential in initiating and
enhancing the process of wound healing at a high rate. Aside
from decreasing the number of administrations, extending the
period during which a therapeutic dose of the medication is
effective, and improving compliance, sustained-release also
leads to a reduction in the economic burden (12).

The present review discusses several novel drug delivery
technologies aimed at improving wound healing. The present
review aimed to discuss the potential of novel therapies for
the management of tissue regeneration, given the limitations of
current treatments and the incidence of chronic wounds. The
objective of the present review was to emphasize the transfor-
mative potential of innovative pharmacological strategies in
chronic wound management by showcasing current advance-
ments and clinical data. This may improve patient outcomes
worldwide. The present review was conducted through an
extensive literature search using electronic databases such as
PubMed, Scopus, Web of Science and Google Scholar. Articles
published from 2018 to 2025 were gathered using key words
such as ‘wound healing’, ‘drug delivery systems’, ‘nanopar-
ticles’, ‘hydrogels’, ‘microneedles’, ‘3D printed scaffolds’,
‘exosomes’ and ‘tissue regeneration’. Only peer-reviewed
articles in the English language on advanced drug delivery
strategies for wound healing and tissue regeneration were
included. Following screening, duplicates, conference abstracts
and unrelated studies were excluded.

2. Phases of wound healing

Chronic wounds, such as diabetic foot ulcers and venous leg
ulcers remain in the inflammatory phase for a long period
of time as opposed to acute wounds, due to excess reactive
oxygen species (ROS) generation, increased protease activity,
bacterial biofilms, alkaline pH, the prolonged release of inflam-
matory cytokines and impaired angiogenesis. This hostile
microenvironment delays tissue regeneration and reduces the
efficacy of conventional treatments. The knowledge of these
pathological features explains the design of stimuli-responsive
systems, such as pH-responsive and ROS-scavenging hydro-
gels. The various phases of wound healing, i.e., hemostasis,
inflammation, proliferative and remodeling are discussed
below and are illustrated in Fig. 1. In contrast to acute wounds,
chronic wounds, such as venous leg ulcers and diabetic foot
ulcers are stalled in the inflammatory phase due to excessive
ROS generation, increased protease activity, hypoxia, bacte-
rial biofilms, alkaline pH, impaired angiogenesis and the
prolonged release of inflammatory cytokines. This hostile
microenvironment severely hinders tissue regeneration and
diminishes the efficacy of traditional therapies. The knowl-
edge of these pathological conditions gives a rationale for the
development of stimuli-responsive drug delivery systems, such
as pH-responsive and ROS-scavenging hydrogels (13).

Hemostasis. Hemostasis is considered the first phase in
terminating bleeding and initiating wound healing in the
event of vascular injury. Initially, vasoconstriction occurs to
reduce blood flow, followed by the aggregation and activation
of platelets at the site of damage to form a temporary plug.
These platelets release various chemical signals that amplify
the hemostatic response. The subsequent formation of a stable
fibrin clot reinforces the platelet plug, thereby sealing the
wound. During this process, cytokines and growth factors, such
as vascular endothelial growth factor (VEGF), transforming
growth factor-p} (TGF-f) and platelet-derived growth factor
(PDGF), are released, preparing the tissue for the subsequent
phases of wound healing (14).

Inflammation. The inflammatory phase represents the initial
response of the body to tissue injury, lasting from several hours
to a few days. Its primary role is to remove debris, pathogens
and dead cells, thereby preparing the wound bed for tissue
repair. This phase is marked by vasodilation and increased
vascular permeability, which facilitates the recruitment of
immune cells to the injury site. Neutrophils are the first
responders and perform phagocytosis to eliminate microbes
and cellular debris. As the phase progresses, macrophages
become predominant, releasing pro-inflammatory cytokines,
such as interleukin 1 and tumor necrosis factor-a, along with
growth factors that initiate the next stage of healing. Clinically,
this phase is characterized by the classic signs of inflammation:
Redness, swelling, warmth and pain (15).

Proliferation. Following the inflammatory phase is the
proliferative phase, which focuses on tissue regeneration and
repair. Fibroblasts proliferate and deposit type 111 collagen,
forming a temporary extracellular matrix for tissue repair.
Concurrently, neoangiogenesis (the formation of new blood
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Figure 1. Schematic diagram illustrating the phases of wound healing.

vessels) occurs to restore oxygen and nutrient supply to the
healing tissue (16).

Maturation or remodeling. Finally, the maturation or remod-
eling phase occurs, aiming to strengthen and reorganize the
newly formed tissue. During this phase, the type III collagen
initially deposited is gradually replaced by the stronger and
more organized type I collagen. Simultaneously, vascular
regression occurs, and a scar forms as excess blood vessels
are removed. Over time, the tensile strength of the wound
increases, eventually reaching ~80% of that of the original
tissue (17).

3. Nanoparticle-based drug delivery systems

Nanoparticles have emerged as promising carriers for drug
delivery due to their tunable physicochemical properties,
controlled release capabilities and the ability to penetrate
cellular barriers. Different types of nanoparticles, including
lipid-based, polymeric and inorganic nanoparticles, have been
utilized in wound healing applications (18). The different types
of nanoparticles used in chronic wound healing are illustrated
in Fig. 2.

Polymeric nanoparticles. In recent years, polymeric nanopar-
ticles have received considerable attention in the promising
and fast-evolving areas of biomedicine and bioengineering.
These novel polymeric devices, when administered in the
body or conjugated with target sites, effectively protect drugs
from proteolytic attacks in wounds, allowing for controlled

and regulated drug delivery, while significantly reducing
dosage frequency (19). Nanoparticle applications provide
a viable option to meet the growing need for the effective
delivery of a wide variety of biomolecules, which may
include critical components, such as DNA, growth factors
that stimulate healing and highly effective antibacterial
agents utilized to avoid infection (20). In the contempo-
rary age, polylactic-co-glycolic acid (PLGA), is one of the
most commonly used materials for synthesizing polymeric
nanoparticles. Alginate, gelatin, chitosan and several other
polymer mixtures are the most commonly used polymers
in a vast variety of applications. The synthesis of polymeric
nanoparticles capable of effectively encapsulating antimi-
crobial agents has been explored across a broad spectrum
of scientific fields through numerous research studies (21).
Antimicrobial peptide LL37-loaded PLGA nanoparticles
(PLGA-LL37 NPs) are a biodegradable drug delivery system
for healing. The nanoparticles inhibited Escherichia coli in
antibacterial activity and caused cell migration, but did not
affect the proliferation of keratinocytes. The PLGA-LL37
NPs-treated group exhibited enhanced formation of granu-
lation tissue in the full-thickness excisional wound model,
as reflected by significantly enhanced collagen deposition,
re-epithelialized content, and neovascularization (21,22).
Chitosan, a biopolymer derived from chitin in crustaceans,
such as shrimp and crab, has also garnered considerable
interest in drug delivery systems. The reason for this is largely
due to its remarkable properties, including being mucoid,
biodegradable, non-toxic, and biocompatible. Properties,
such as this position chitosan in an immensely versatile
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Figure 2. Schematic diagram illustrating the various nanoparticles used in chronic wound management.

manner for applications across a wide range of drugs, from
lipophilic to hydrophilic drugs (22). Chitosan particles are
between 10 and 500 nanometers in diameter, a size that
significantly increases their uptake by cells. The presence of
amino groups also signifies a positive zeta potential, which
increases interaction with mucosal surfaces and negatively
charged cell membranes. Chitosan also has the capability
of slowing the rate of drug administration through the
provision of the potential to regulate how rapidly the drugs
are delivered into the system (23). Chitosan-based topical
systems have gained attention in chronic wound manage-
ment due to their film-forming ability, biocompatibility
and intrinsic wound-healing potential. In this context, in a
previous study, a chitosan—polyvinyl alcohol film-forming
solution loaded with doxycycline demonstrated rapid film
formation, sustained drug release, and effective matrix metal-
loproteinase inhibition, highlighting the utility of chitosan in
improving healing outcomes in diabetic foot ulcers (24). The
different types of polymeric nanoparticles with their distinct
features, advantages and disadvantages as drug delivery
systems in chronic wound management are summarized
Table I (25-30). All the nanoparticle systems have their own
merits and demerits; however, they have exhibited promising
therapeutic outcomes. Polymeric nanoparticles provide
controlled drug release and biodegradability, while lipid
nanoparticles provide increased skin penetration and drug
retention. Although metallic nanoparticles have an improved
antimicrobial activity, there are concerns regarding the

long-term toxicity and bioaccumulation. Thus, balancing
efficacy, biosafety, scalability and cost is key for successful
clinical translation (31).

Lipid nanoparticles. Solid lipid nanoparticles and nano-
structured lipid carriers facilitate skin penetration and drug
retention. An intriguing and important class of nanomaterials,
known as lipid nanoparticles, finds widespread application in
the areas of gene therapy, drug delivery systems and vaccine
production. These novel particles consist of several lipids
that come together to form nanoscale structures, which have
the unique property of encapsulating and delivering drugs or
other biological molecules with efficiency and specificity (32).
A summary of various lipid nanoparticles utilized in chronic
wound management is presented in Table IT (21,33-35). All
the nanoparticle systems have their own merits and demerits;
however, they have shown promising therapeutic outcomes.
lipid nanoparticles provide increased skin penetration and
drug retention.

Metallic nanoparticles. Silver and gold nanoparticles exhibit
antimicrobial properties, which reduce wound infections
and accelerate tissue regeneration. Generally, metallic
nanoparticles are tiny particles with dimensions ranging
from 1 nanometer to 100 nanometers. These tiny particles
are primarily composed of a sequence of metals (36).
Unlike bulk metals of larger dimensions, metallic
nanoparticles possess exceptional physical, chemical and
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Table I. Different types of polymeric nanoparticles with their distinct features as drug carriers in chronic wound management.

Types of
polymeric Common
nanoparticles polymers Key features Application Advantages Disadvantages (Refs.)
Nanospheres PLGA,PLA, The drug is SR, vaccine Easy to produce, Limited targeting 25)
PCI, Chitosan uniformly delivery controlled ability, lower drug
dispersed in the release, high loading efficiency
polymer matrix stability
Nanocapsules  PLGA, Drug confined Target drug Protection of Complex synthesis, (15)
Eudragit to the inner core,  delivery, gene  sensitive drugs, risk of burst release
surrounded by therapy controlled and
a polymer shell target released
Dendrimers PAMAM, PPI  High surface Gene High surface Toxicity concerns, (26)
functionality, delivery, functionality expensive and
precise control imaging, complex synthesis
over release anticancer
drugs
Poly micelles PEG-PLA, Amphiphilic Solubilizing Improved Low drug loading 27
PEG-PCL block co- hydrophilic stability, long
polymers, drugs, cancer circulation time
hydrophobic therapy
core for drugs
Hydrogels PVA, Swell in water, Wound High drug Mechanical (28)
chitosan, PEG ~ biocompatible healing, loading capacity weakness,
controlled degradation rate
release, tissue may vary
engineering
Polyplexes PEI, PLL, Electrostatic Gene therapy,  Protects genetic Cytotoxicity (29)
chitosan complexation RNA delivery  materials
with DNA, RNA
Nanogels PEG, PVA, High drug Intracellular Biocompatible Complex (30)
chitosan loading, drug delivery, formulation
responsive to cancer therapy
stimuli
PLGA, polylactic-co-glycolic acid; PLA, polylactic acid; PCI, photo-chemical internalization; SR, sustained release; PAMAM, poly

(amidoamine) PPI, poly(propylene imine); PEG, polyethylene glycol; PCL, polycaprolactone; PVA, polyvinyl alcohol ; PEI, polyethyleneimine;

PLL, poly-L-lysine.

biological properties, a characteristic attributed to their
significantly smaller dimensions and the large surface area
they exhibit (37). Surface plasmon resonance and related
phenomena are feasible due to their notable capacity to
absorb and scatter light in a highly concentrated form. This
property renders them extremely effective catalysts for most
chemical reactions due to their enormous surface area, which
allows for maximum interaction with other reactants (38).
Moreover, some metal nanoparticles, such as iron oxide,
possess magnetic properties, which can be extremely useful
for a wide range of applications, including medical applica-
tions and data storage devices. Moreover, electronic devices
can improve their performance with higher conductivity, a
property that can be achieved with these materials (39). The
different types of metallic nanoparticles along with their

applications, advantages and disadvantages are presented
in Table III (40-47). All the nanoparticle systems have their
own merits and demerits; however, they have shown prom-
ising therapeutic outcomes. Metallic nanoparticles exhibit an
improved antimicrobial activity; however, there are concerns
regarding the long-term toxicity and bioaccumulation. Thus,
balancing efficacy, biosafety, scalability and cost is key for
successful clinical translation. Metallic nanoparticles exhibit
strong antimicrobial activity, but their long-term biosafety
remains a matter of concern. However, clinical translation is
still hampered by challenges, such as bioaccumulation, oxida-
tive stress, inflammatory responses, delayed biodegradation
and organ toxicity. Further research is required to focus on
detailed in vivo safety evaluation and the development of
biodegradable metallic nanoplatforms.
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Table II. Lipid nanoparticles: Description, advantages and disadvantages.

Types Description Advantages Disadvantages (Refs.)
Solid lipid Solid lipid matrix for High loading for lipophilic drugs,  Limited for hydrophilic drugs, 21
nanoparticles drug encapsulation sustained release, good storage drug expulsion issues
Stability

Nanostructured  Blend of solid and High drug loading, stability, Complex preparation, surfactant (33)
lipid carriers liquid lipids for good for both hydrophilic and dependency

improved stability lipophilic drugs

and drug loading
Liposomes Phospholipid bilayer High encapsulation efficiency, Stability issues, short circulation (34)

vesicles for drug biodegradable, suitable for time, surfactant toxicity

encapsulation both drug types
Lipid core Micelles formed from Excellent solubilization, small Limited drug loading, instability 35)
micelles amphiphilic lipids for size, non-toxic under physiological conditions

encapsulating lipophilic

drugs

Table III. Different types of metallic nanoparticles: Applications, advantages and disadvantages.

Metallic

nanoparticles Applications Advantages Disadvantages (Refs.)

Gold (Au) Drug delivery, diagnostic, High stability, biocompatible, Expensive, cytotoxic at high 40)
cancer therapy strong optical properties concentration

Silver (Ag) Medical device, wound Strong antimicrobial activity Bioaccumulation leads to 41
dressings, coating toxic effects (Argyria)

Iron (Fe) MRI imaging, target drug Magnetic property for target Toxic effect on prolong 42)
delivery delivery exposure, risk of oxidation

Platinum (Pt) Cancer treatment, catalytic Durable, high stability High cost, limited 43)
converter availability

Copper (Cu) Antimicrobial coating, Vigorous antimicrobial Instability 44)
cancer therapy activity, cost-effective

Titanium (T1) Implants, bone regeneration, Biocompatible, corrosion Limited solubility in 45)
tissue engineering resistant biological systems

Zinc (Zn) Antimicrobial, wound Supports immune function, Toxic at high doses, 46)
healing good antimicrobial unstable

Palladium (Pd) Anti-cancer therapy, drug High efficiency in cancer Expensive, limited 47
delivery therapy, effective in availability

hydrogen-based therapy

4. Hydrogel-based drug delivery systems

The word ‘hydrogel’ was initially used in scientific publica-
tions by Van Bemmelen in 1884. Subsequently, moving
forward to 1960, the and pioneering research by Wichterle
and Lim led to marked advancements with the creation of a
novel hydrophobic gel for different biological applications,
which they named cross-linked hydroxyethyl methacrylate
hydrogels (48). Hydrogels have been extensively researched
and studied over the years, particularly in disciplines, such as
tissue engineering, drug delivery and regenerative medicine,
as well as in agriculture (49). Hydrogels are three-dimensional,

hydrophilic polymer networks capable of absorbing large
amounts of water, providing a moist environment for wound
healing. Hydrogels can be loaded with growth factors, anti-
microbial agents and anti-inflammatory drugs for enhanced
therapeutic effects (2). Hydrogels play a crucial role in
preventing undesired reactions during medical therapy since
they are generally tissue biocompatible and non-toxic. Such
a natural trait renders them ideal materials for use inside the
human body. Additionally, these materials can release drugs
with controlled and sustained release, with the advantage,
not only of maximized drug effect, but also the reduced
frequency of drug administration to significant levels, as a
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Figure 3. Schematic diagram illustrating smart hydrogel-based drug delivery systems for diabetic wounds.

result improving the compliancy and ease of the patient (50).
Finally, some hydrogels carry intelligent properties. These
hydrogels respond to different environmental cues, including
changes in temperature, pH level, or the presence of specific
enzymes in the environment. Such a property enables highly
target-specific and sensitive drug release in the desired zone
of action with maximum therapeutic yield (51). In addition,
hydrogels can be efficiently engineered through various routes
of administration, including, but not limited to, transdermal
drug delivery, injectable devices, oral delivery systems, and
drug delivery therapies via implanted systems, resulting in
therapeutic flexibility (52). Smart hydrogels are responsive
hydrogels that release drugs in response to environmental
stimuli such as pH, temperature, or light (53). An illustration
of the innovative hydrogel-based drug delivery system for
diabetic wounds is depicted in Fig. 3. Hydrogel systems are
good moisture retainers and drug release controllers; however,
issues with sterilization, long-term stability, large-scale manu-
facturing and reproducibility remain unresolved. Although
smart hydrogels combined with nanoparticles, stem cells,
or exosomes exhibit promising multifunctional therapeutic

potential, their regulatory approval and commercial scalability
warrant further investigation (54).

Hydrogels responsive to pH. The environmental pH is of
utmost relevance to the extent to which the hydrogels will
swell. The performance of the materials is markedly effective
under acidic conditions, particularly in situations where pH
ranges are above what is commonly considered to be normal
physiological ranges (55). Such a situation is common in a
number of biological surroundings, such as tumor tissues or
regions characterized by inflammation. For example, in the
cancerous tumor microenvironment, the pH is likely slightly
acidic, which allows for the targeted release of pH-sensitive
drugs exactly where they are needed. Among all the various
forms of stimuli-sensitive hydrogels that have been of interest
to both scientists and researchers, one of the most prominent

classes is thermosensitive hydrogels (56). This class of hydro-
gels possesses special characteristics as the hydrophobic
groups in its composition undergo a phase transition when
subjected to particular temperatures. As such, the structural
organization of thermosensitive hydrogels can undergo a
drastic change depending on the extent to which they swell
upon being subjected to thermal stimuli. The most significant
temperatures of relevance to such hydrogels are the lowest
critical solution temperature (LCST) and the highest critical
solution temperature (HCST), both of which play crucial roles
in characterizing their behavior in solutions (57). LCST has
become the most widely used form of thermosensitive hydrogel
in a variety of applications. When the ambient temperature is
below the LCST value, the hydrophobic interactions between
the polymer chains decrease considerably, leading to a state
where such interactions are considerably weaker. As such, this
provides solubility of therapeutic drugs in the solution, thereby
enabling direct injection into the target tumor while the drug
remains in liquid form. Alternatively, when temperatures
are above the LCST value, the polymer chains contained in
the hydrogel undergo a drastic rise in hydrophobicity, which

alters the manner in which they interact with the immediate
environment (58).

Hydrogels responsive to temperature. Among the different
types of stimuli-sensitive hydrogels that have gained the
interest of scientists and researchers, thermosensitive hydrogels
have been of particular interest. When temperature-sensitive
hydrogels are exposed to certain temperature conditions, they
undergo spectacular structural and physical property changes.
Some hydrogels are better suited for use in injectable drug
delivery systems, as they have been specifically engineered to
gel at the natural temperature of the body. This feature enables
them to set well after injection into the body (59). Furthermore,
in the context of localized therapy, these advanced systems are
extremely useful in the delivery of medication over a longer
duration. This is due to the fact that this type of hydrogel is
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Table IV. Classification of some common hydrogels.

Types of hydrogel Examples Properties (Refs.)

Natural hydrogel Alginate, chitosan, gelatin Biocompatible, biodegradable, less (65)
mechanical strength

Synthetic hydrogel PEG, PVA, polyacrylamide High mechanical strength, tunable (66)
properties

Physically cross-linked gel Gelatin, agar, pectin Reversible, temperature and pH ©7
sensitive

Chemically cross-linked gel Polyurethane, PVA, polyacrylate Stable, strong, permanent cross link (68)

pH responsive gel Chitosan, polyacrylamide Swell/contract with pH changes (69)

Temperature responsive gel Poly-N-isopropylacrylamide Changes solubility with temperature (70)

Ion responsive gel Alginate, carrageenan Sensitive to ionic strength a1

PEG, Polyethylene glycol; PVA, Polyvinyl alcohol.

essential owing to its sensitivity to physical structural trans-
formations caused by temperature variations. This is owing
to the fact that the thermosensitive hydrogels contain hydro-
phobic units that can achieve a high phase transition when
they reach a specific temperature level. Such a temperature
level is known as the HCST or the LCST. It acts as a deci-
sive factor that determines the behavior exhibited by these
hydrogels (60). Out of the two types, the LCST is the most
widely used type of thermosensitive hydrogel in experimental
and functional operations. When the ambient temperature
drops below the LCST, the dominant hydrophobic interactions
among the polymer chains are significantly decreased. Due to
this decrease in hydrophobic bonding, the therapeutic drugs
become easily soluble in the solution and can be delivered
directly at the cancer site without being insoluble. When the
temperature increases above the LCST, however, the polymer
chains in the hydrogel become hydrophobic (61).

Response of hydrogels to light. Such hydrogels are designed
to release drugs under specific conditions upon exposure to
certain wavelengths of light. This characteristic renders them
highly effective in treatments, such as photodynamic therapy,
a well-established form of cancer therapy. The spatial and
temporal accuracy provided by these hydrogels significantly
improves the efficacy of the therapy by delivering drug release
precisely at the correct location and time (62). The osmotic
balance of the gel medium is grossly disturbed on ionization
of the photosensitive radicals by light. The ionization leads to
a permeability imbalance, and hence the entry or exit of ions
and water into or out of the gel network. As a direct result
of this imbalance, the gel swells or contracts in volume. The
role of detecting light signals and transducing them into
chemical signals is solely a function of the photosensitive
part of the system. As a result of the light-induced reaction,
the structure and properties of the hydrogel undergo a radical
change, including processes such as isomerization, pyrolysis,
and even dimerization, all of which contribute to the overall
material alteration. The interference with chemical interac-
tions between hydrogel polymer chains and photosensitive
groups leads to the breaking of the photosensitive groups when
exposed to ultraviolet or visible light (63). This effect increases

the internal osmotic pressure of the hydrogel, allowing water
molecules from the surrounding medium to penetrate the struc-
ture. The penetration of water enables the opening of pores in
the hydrogel, thereby enhancing the release of drugs encap-
sulated within it. Furthermore, the inclusion of photothermal
agents allows the hydrogel to generate heat locally through the
effective absorption of light energy. It is also worth noting that
the increase in temperature decreases the effect of hydrogen
bonds. By contrast, the protophilic effect of hydrogels, which
refers to the interactions between the segments of the polymer
chain and the temperature-sensitive groups, increases (64). The
classification of hydrogels is presented in Table IV (65-71).

Nanoparticle-impregnated hydrogels. Combining nanopar-
ticles with hydrogels improves mechanical strength and
drug delivery efficiency. In numerous applications and areas,
such as drug delivery, tissue engineering, biomedical engi-
neering, and environmental engineering, this new hybrid
system is of immense interest to scientists and professionals
alike. Hydrogels are water-friendly polymer networks that
possess the unique ability to retain a high-water content. The
addition of nanoparticles, such as carbon-based, ceramic,
polymeric, or metallic, significantly improves parameters
such as mechanical strength, conductivity and biological
activity, thereby enhancing the application and efficiency
of the materials in their respective fields (72). The different
types of nanoparticle-impregnated hydrogels are presented in
Table V (73-78).

Biopolymer-based hydrogels. Hydrogels prepared using
biopolymers as formulators are gaining popularity and are
increasingly sought after in applications as potential carriers
for drug delivery systems. Most of the increase in popularity
can be attributed to their superior properties, including
biocompatibility, biodegradability and responsiveness to
various environmental stresses. These hydrogels possess the
unique property of being able to absorb large quantities of
water or biological fluids, and they are composed of networks
of natural or synthetic polymers (79). Notably, they possess
the unique property of being capable of swelling or shrinking
reversibly in response to changes in temperature, pH values,
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Table V. Different types of nanoparticle impregnated hydrogels.
Types of
nanoparticles Examples Properties Applications Key benefits (Refs.)
Metallic Ag,Au,Cu Antimicrobial, Would healing, drug High biocompatibility, strong (73)
nanoparticles conductive, catalytic ~ delivery, biosensors antimicrobial activity
Ceramic Hydroxyapatite, Biocompatible, Bone regeneration, Enhanced mechanical 74)
nanoparticles  alumina (ALO5), osteoconductive, dental implants, support, bone growth support
mechanical strength  tissue scaffolds
Carbo-based  Graphene Large surface area, Tissue engineering, Enhanced conductivity, (75)
nanoparticles  oxide, carbon mechanical strength,  sensors enhanced mechanical support
nanotubes high conductivity
Magnetic Iron oxides, Drug targeting Cancer therapy, Target delivery (76)
nanoparticles  magnetite diagnostic
Silica Mesoporous silica, Large surface area, Drug delivery, High drug loading capacity, an
nanoparticles  nano-silica stability imaging biosensing stable under various
conditions
Lipid-based Liposomes, solid- Biocompatible, Cosmetic products, Enhanced skin penetration (78)

nanoparticles  lipid nanoparticles  controlled release

vaccine carriers, drug
delivery

ionic strengths, or other essential variables. The majority of
naturally occurring polysaccharides used in hydrogel formula-
tions include alginate, chitosan, pectin, hyaluronic acid and
carboxymethyl cellulose. These biopolymers are particularly
convenient for use in drug delivery due to their abundance
in nature, primarily due to their high biocompatibility and
biodegradability (80). Natural proteins, such as collagen, fibrin
and gelatin, are also used to prepare hydrogels with enhanced
mechanical and bioactive properties. These hydrogels are
applied in areas where direct tissue contact and controlled
release processes are required. In addition to natural polysac-
charides and proteins, other biopolymers, including polylactic
acid, polyglycolic acid and PLGA, are used in the composition
of drug delivery hydrogels (81). This is due to the fact that the
mentioned biopolymers are more biodegradable and undergo
controlled degradation rates, making them the ideal choice for
novel drug delivery systems. Biopolymer hydrogels, a plat-
form for a vital drug delivery system, have numerous benefits,
including controlled and targeted drug release, biocompat-
ibility, and biodegradability. They are used more in medicine,
and novel and improved formulations for different therapeutic
applications are emerging as a result of continuous research
into their limitations (82). A summary of biopolymer-based
hydrogels, and their applications, properties and key benefits
is presented in Table VI (83-91).

5.Microneedle-assisted drug delivery systems for advanced
wound therapy

Microneedles are an innovative and minimally invasive
technique for transdermal medication delivery, demon-
strating significant potential for wound healing therapy.
The technology involves the fabrication of micron-scale
needle arrays, enabling the precise and effective delivery
of bioactive chemicals into the epidermis and dermis while

minimizing pain or discomfort (92). Microneedles, as an
innovative drug delivery method, have garnered significant
interest due to their non-invasive, pain-free and straight-
forward administration, regulated drug distribution and
ability to load various cargos (5). Recent advancements
in the design of microneedles have expanded their use in
wound healing, particularly for diabetic and chronic lesions
that necessitate regulated medication delivery and enhanced
tissue regeneration (93).

Microneedles typically range from 50 to 900 pm in length,
an optimal dimension that facilitates effective penetration
of the stratum corneum (~15-20-pm-thick), while avoiding
the deeper dermal layer, which houses nerve endings (94).
This array of unique dimensions provides several signifi-
cant advantages in transdermal medication administration.
Microneedles provide painless delivery by circumventing skin
nociceptors, significantly enhancing patient comfort compared
to conventional hypodermic needles. Secondly, their ability
to penetrate the outer skin barrier facilitates the administra-
tion of macromolecular therapies (5-100 kDa), which would
otherwise be unable to access intact skin. The structural flex-
ibility of microneedle systems facilitates customizable drug
release kinetics, permitting both immediate and sustained
delivery profiles tailored to specific therapeutic requirements.
Collectively, these attributes promote improved patient adher-
ence by integrating the efficacy of injectable medications with
a minimally invasive, user-friendly platform (95).

Classification and functional properties of microneedle-based
drug delivery systems. Along with current technological
advancements in microneedle-based drug delivery systems,
this section addresses several forms of microneedles, including
dissolvable microneedles (DMNs) and hydrogel-forming
microneedles (HFMNs). Based on its composition, mode of
action and therapeutic uses, each type is investigated with an
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Table VI. Biopolymers-based hydrogel with applications, properties and key benefits.

Types of
biopolymers Examples Properties Applications Key benefits (Refs.)
Polysaccharides  Starch, cellulose, Biodegradable, Food packaging, drug Renewable, cost- (83)
chitosan, alginate hydrophilic, film- delivery, wound effective,
forming, good healing, tissue biocompatible
mechanical engineering
strength
Proteins Collagen, gelatin, Biocompatible, Biomedical scaffolds, High bioactivity, (84)
silk fibroin, keratin ~ good film- drug carriers, cosmetics,  natural origin
forming, water- tissue regeneration
soluble or insoluble
Nucleic Acids DNA, RNA Programmable, Nanomedicine, Precision targeting, (85)
highly specific biosensors, gene information-rich
binding, therapy
biodegradable
Polyesters Polylactic acid Thermoplastic, Implants, sutures, Mechanical strength,  (86,87)
(PLA), polyhy- biodegradable, packaging, renewable sources
droxyalkanoates tunable agricultural films
(PHAs), PGA degradation rate
Polyamides Poly(aspartic acid), =~ Water-soluble, Biomedical applications, = Environmentally (88)
Poly(glutamic acid)  biodegradable, water treatment, friendly,
polyelectrolytic agriculture biodegradable
behavior
Lignin-based Lignosulfonates, Aromatic structure,  Packaging, adhesives, Waste utilization, (89)
Kraft lignin UV absorbance, drug delivery, coatings natural antioxidant
antioxidant
properties
Biosynthetic Bacterial cellulose, Strong, highly Biomedical devices, Microbial origin, (9091)
polymers xanthan gum pure, customizable tissue engineering, reproducible quality

structure

food thickeners

PGA, polyglycolic acid; UV, ultraviolet.

eye towards developments that improve transdermal delivery
efficiency, patient compliance and formulation stability.
DMNs. DMNs are a cutting-edge and therapeutically
feasible microneedle technology, composed entirely of
water-soluble polymers infused with medicinal compounds.
Microneedles are often composed of biodegradable and
biocompatible materials, such as hyaluronic acid, polyvinyl-
pyrrolidone and PLGA, which facilitates safe administration
and prolonged drug release (96). One of the primary advan-
tages of DMNs is their substantial drug-loading capacity,
allowing for the incorporation of up to 30% w/w of active
pharmaceutical ingredients. Upon application to the skin,
DMNs rapidly dissolve, typically within 5 to 15 min, facili-
tating the prompt and efficient medication delivery, while
preventing the generation of biohazardous sharp debris (97).
Their rapid dissolution characteristics and excellent biocom-
patibility make DMNSs highly promising for various clinical
applications, including the administration of antibiotics (e.g.,
vancomycin for wound infections), growth factors (e.g., VEGF
to promote angiogenesis), and anti-inflammatory medications

(e.g., dexamethasone) (98). The combination of rapid onset,
substantial payload and user-friendly, minimally invasive
administration underscores the potential of DMNs as an
innovative technique for transdermal drug delivery.

HFMNs. HFMNSs are a second-generation microneedle
device designed for extended drug administration and enhanced
wound care. HFMNs consist of cross-linked hydrophilic poly-
mers such as poly(methyl vinyl ether-co-maleic acid), which
rapidly absorb interstitial fluid upon implantation into the skin.
The swelling results in the formation of a hydrogel matrix that
serves as a drug reservoir, enabling regulated and prolonged
drug release (99). Unlike dissolving microneedles, HFMNs
have extended drug release patterns ranging from 24 h to
7 days, significantly reducing the necessity for frequent dosing.
The hydrogel matrix creates an optimal moisture microenvi-
ronment (often 60-70% relative humidity) at the wound site,
facilitating improved tissue regeneration, while preventing
desiccation and excessive exudate accumulation (100). In
addition to regulated medication delivery, HFMNs provide
multimodal therapeutic capabilities, including serving as a
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physical barrier against bacterial infiltration and facilitating
autolytic debridement, benefits which are particularly critical
in the treatment of chronic and non-healing wounds. The
incorporation of prolonged medication release, hydration and
infection prevention highlights the utility of HFMNs as a
versatile and therapeutically relevant platform for advanced
transdermal and wound care (101).

Recent technological innovations. Innovative smart
microneedle devices are transforming personalised medi-
cine through the integration of stimulus-responsive drug
administration and real-time monitoring capabilities. Notable
advancements encompass glucose-responsive microneedles
for diabetic wound treatment, pH-sensitive microneedles that
activate drug release in infected wounds, and photothermal
microneedles that enable on-demand drug release via light
stimulation (101,102). These intelligent solutions enhance
therapy precision by dynamically responding to pathological
variations in the wound microenvironment. Further advance-
ments include sensor microneedle patches that are incorporated
into diagnostic and therapeutic functions by continually moni-
toring wound parameters, such as temperature, pH and exudate
biomarkers, in real-time (103). Some of the next-generation
devices even incorporate closed-loop feedback systems in
which data from sensors automatically drive drug release,
maximizing therapeutic effectiveness, while decreasing the
need for manual intervention. Collectively, these technologies
signify a paradigm change towards intelligent, adaptive wound
therapy that integrates diagnostics and treatment: clinical
translation and its obstacles (104). However, the practical limi-
tations of microneedle systems in chronic wound treatment
are limited due to their advantages. Chronic wounds typi-
cally present with large amounts of exudate, necrotic tissue,
irregular wound shapes and fragile tissue structures, rendering
it difficult to uniformly insert microneedles. Improper appli-
cation can increase patient discomfort and secondary tissue
trauma, limiting clinical applicability.

6. Scaffold-based drug delivery systems for regenerative
wound healing

Scaffold-based drug delivery systems have emerged as a
transformative approach in regenerative medicine, providing
biomimetic platforms that integrate structural support with
temporally regulated therapeutic release to enhance wound
healing. Engineered matrices are designed to mimic the native
extracellular matrix (ECM) milieu, providing mechanical
stability while promoting cellular adhesion, proliferation
and differentiation. Among the various scaffold systems,
3D-printed scaffolds, electrospun nanofibers, and bioactive
scaffolds, focusing on their design principles, drug delivery
mechanisms, and clinical applicability (105).

3D-printed scaffolds for precision medicine. Contemporary
3D printing techniques enable exceptional control over
scaffold architecture, facilitating precise adjustments of
pore dimensions (50-500 pgm), mechanical characteristics
(Young's modulus 1-20 MPa) and drug release kinetics (106).
Digital light processing is an intriguing technique that
achieves print resolutions of 50 xm using photocrosslinkable

WORLD ACADEMY OF SCIENCES JOURNAL 8: 83, 2026 11

hydrogels such as gelatin methacryloyl (107). Recent
research has demonstrated that thermoresponsive polymers,
such as Pluronic F127, can be utilized in extrusion-based
printing, facilitating temperature-regulated drug release
kinetics (108). Polycaprolactone scaffolds infused with the
dual agents VEGF and ciprofloxacin demonstrate enhanced
wound healing efficacy, exhibiting a prolonged release over
14 days that accelerates wound closure by 40% in diabetic
mouse models (P<0.01) (109). pH-sensitive hydrogels that
preferentially release doxycycline in acidic wound environ-
ments (pH <6.5) have demonstrated a 99% reduction in
bacterial load (P<0.001) (110). Chou et al (111) demonstrated
that lipoic acid-modified gold nanoclusters (AuNCs) incor-
porated into a silk fibroin scaffold significantly accelerated
burn wound healing by enhancing fibroblast proliferation
through PI3K/Akt-mediated cell cycle activation, while
simultaneously promoting collagen deposition, angiogenesis,
and suppressing inflammation and apoptosis. These findings
highlight the therapeutic potential of AuNC-based biomate-
rial scaffolds for regenerative wound healing (111). Silk
fibroin/collagen composite scaffolds demonstrate significant
efficacy in burn treatment, attaining complete re-epitheli-
alization in full-thickness burns after 21 days, compared to
35 days for conventional dressings (112).

Electrospun nanofibrous scaffolds. Electrospinning tech-
nology has significantly advanced, enabling the fabrication
of nanofibers with diameters ranging from 100 to 1,000
nm and exceptionally high surface-area-to-volume ratios,
facilitating drug loading efficiencies of 90-100% (113).
Recent advancements, such as coaxial electrospinning, enable
the creation of core-shell nanofiber structures designed for
sequential or sustained drug release (114). Functionalized
electrospun systems, such as polyvinyl alcohol/chitosan nano-
fibers integrated with silver nanoparticles, have demonstrated
exceptional efficacy as antimicrobial agents, achieving a 99%
inhibition of biofilm formation by Staphylococcus aureus
and Pseudomonas aeruginosa (P<0.001), while maintaining
cytocompatibility (115). Furthermore, gelatin nanofibers
infused with PDGF significantly boosted wound healing in
severely diabetic conditions, achieving a 2.5-fold acceleration
(P<0.01) in wound closure through improved fibroblast migra-
tion and collagen production. This indicates the effectiveness
of electrospun nanofiber platforms as multifunctional carriers
for targeted medication administration and advanced wound
treatment (116).

Bioactive scaffolds. Collagen scaffolds incorporating fibro-
blast growth factor-2 and TGF-33 have exhibited marked scar
reduction potential, increasing the collagen III/I ratio by 3-fold
(P<0.01) (117). VEGF-encapsulated alginate microspheres
embedded in scaffolds have exhibited an enhanced capillary
density by 80% (P<0.001) in ischemic wounds (118). Another
study demonstrated that mesenchymal stem cell-laden decel-
lularized ECM scaffolds promoted angiogenesis through
the 80% upregulation of VEGF secretion in full-thickness
burn models (11). It was also previously demonstrated that
exosome-loaded hyaluronic acid scaffolds significantly
improved fibroblast migration and collagen organization in
chronic wounds (P<0.01) (8).
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Exosome-based therapeutic systems. Exosomes are
nanosized extracellular vesicles that can deliver proteins,
nucleic acids, cytokines and growth factors to target tissues.
Exosome-loaded hydrogels and scaffold systems have
emerged as promising regenerative platforms for chronic
wound healing due to their immunomodulatory, angiogenic
and anti-inflammatory properties. Exosomes derived from
mesenchymal stem cells significantly enhance fibroblast
proliferation, collagen deposition, and neovascularization,
while decreasing scar formation and the risk of immune
rejection (119).

7. Translational perspectives and clinical translation
challenges

The considerable breakthrough in the development of
advanced drug delivery systems for wound healing has
exhibited immense promise for further clinical application;
however, it has yet to be successfully implemented in clinical
trials. Although there have been promising results from the
use of nanoparticles, hydrogels, microneedles, exosomes
and bioengineered wound dressings, only a fraction of these
technologies have reached the final stages of clinical trials and
commercialization. Several obstacles remain that need to be
overcome for the wider application of drug delivery systems
for wound healing in clinical practice.

Firstly, it is difficult to scale-up the technology due to
complex multifunctionality. In this case, one needs to use
quite complex processes to produce a drug delivery system,
which makes it harder to ensure the reproducibility of the
physicochemical, drug-loading and biological properties of the
product. Additionally, sterilization methods, such as gamma
irradiation, ethylene oxide sterilization and autoclaving may
compromise the structural stability of biomaterials, such as
hydrogels and exosomes, thereby reducing the efficacy of the
therapy. Recent studies emphasize the need to develop good
manufacturing practice (GMP) and quality by design (QbD)
approaches to overcome this issue.

Another issue lies in obtaining regulatory approval. Wound
healing systems are relativley complex, as they may include
drugs, biologics, biomaterials and medical devices. Moreover,
exosome-loaded systems and stem cell-based scaffolds need
to undergo additional regulatory approval due to factors, such
as donor variability, immunogenicity, stability and safety
concerns. Therefore, further research and clinical evidence
should be provided in order to obtain approval from regula-
tory agencies. The third obstacle relates to the economics of
the problem. Advanced biomaterials, personalized scaffold
design and intelligent wound monitoring systems may lead
to higher production costs, rendering them less available in
resource-limited healthcare environments. Thus, further
research is required to focus on cost-effective technologies
and on scaling up the process without compromising product
efficiency.

There are some innovations that may help accelerate the
translation process. The integration of biosensors, wearable
wound monitoring systems, artificial intelligence image
analysis, and closed-loop drug delivery systems might improve
personalized wound healing by allowing real-time assessment
of wound status and the provision of an adequate response.

8. Conclusion and future perspectives

Advanced drug delivery systems have revolutionized wound
management by providing controlled drug release, enhanced
tissue targeting and regenerative modulation. The next
generation of multifunctional wound therapeutics is the hybrid
systems of nanoparticle, hydrogel, exosome, microneedle and
scaffold-based biomaterial. However, there are still a number of
translational barriers to overcome, including large-scale manu-
facturing, sterilization, regulatory approval, GMP compliance,
storage stability and high production costs. Stringent quality
control and reproducibility are necessary before clinical transla-
tion for complex systems, such as stem cell- or exosome-loaded
smart hydrogels and 3D-printed scaffolds. Current clinical
translation efforts should prioritize standardized manufacturing
protocols, harmonized regulatory frameworks, large-scale
multicenter clinical trials, and health-economic evaluations
to facilitate commercialization and routine clinical adoption
of advanced wound-healing technologies. Future research is
warranted directed towards the development of patient-specific,
cost-effective and clinically translatable biomaterial systems
integrated with biosensors, artificial intelligence-assisted wound
monitoring and personalized regenerative therapies.

Acknowledgements

The authors would like to express my sincere gratitude to
Professor Vijay Kumar Singh Dean, Faculty of Pharmacy, Shri
Rawatpura Sarkar University, Raipur, India, for providing the
necessary facilities and unwavering support throughout this
research. Their assistance has been invaluable to the successful
completion of the present study.

Funding

No funding was received.

Availability of data and materials

Not applicable

Authors' contributions

AKD and DPK prepared the original draft of the manuscript.
OM and VKS were involved in the literature search, KS, RP,
RS and HB reviewed and edited the manuscript. All authors
have read and approved the final manuscript. Data authentica-
tion is not applicable.

Ethics approval and consent to participate

Not applicable.

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.



/B PUBLICATIONS

SPANDIDOS

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Kumar D, Pandey S, Shiekmydeen J, Kumar M, Chopra S and

Bhatia A: Therapeutic potential of microneedle assisted drug
delivery for wound healing: Current state of the art, challenges,
and future perspective. AAPS PharmSciTech 26: 25, 2025.

.Kolimi P, Narala S, Nyavanandi D, Youssef AAA and

Dudhipala N: Innovative treatment strategies to accelerate
wound healing: trajectory and recent advancements. Cells 11:
2439, 2022.

. Negrescu AM and Cimpean A: A recent insight into research

pertaining to collagen-based hydrogels as dressings for chronic
skin wounds. Gels 11: 527, 2025.

. Russo S, Landi S and Simoni S: Cost-effectiveness analysis for

managing diabetic foot ulcer (DFU) in USA: Platelet-rich plasma
(PRP) vs standard of care (SoC). Clinicoecon Outcomes Res 17:
157-169, 2025.

. Lyu S, Dong Z, Xu X, Bei HP, Yuen HY, James Cheung CW,

Wong MS, He Y and Zhao X: Going below and beyond the
surface: Microneedle structure, materials, drugs, fabrication, and
applications for wound healing and tissue regeneration. Bioact
Mater 27: 303-326, 2023.

. Millan-Reyes MJ, Afanador-Restrepo DF, Carcelén-Fraile MDC,

Aibar-Almazan A, Sanchez-Alcala M, Cano-Sanchez J,
Mesas-Aréstegui MA and Castellote-Caballero Y: Reducing
infections and improving healing in complex wounds: A system-
atic review and meta-analysis. J Clin Med 14: 3237, 2025.

. Abedinia A, Serri A, Elahi M, Gomez AMA, Nurdiani R and

Huda N: Poultry collagen: Structural and functional properties,
biomaterial potential, and the molecular mechanisms and biolog-
ical interactions of its hydrolysates in wound healing and tissue
regeneration A review. Int J Biol Macromol 359: 151693, 2026.

. DulJ, Xian C, Liang X, Fan S, Wang L and Wu J: Advanced respon-

sive hydrogels for diabetic wound healing: Design principles,
controlled drug delivery, therapeutic strategies, and application
prospects. MedComm Biomater Appl 4: €70019, 2025.

. Wang Q, Liu C, An J, Liu J, Wang Y and Cai Y: Mechanisms

of microbial infection and wound healing in diabetic foot ulcer:
Pathogenicity in the inflammatory-proliferative phase, chro-
nicity, and treatment strategies. Front Endocrinol (Lausanne) 16:
1657928, 2025.

Palani N, Mendonce KC, Syed Altaf RR, Mohan A, Surya P,
P M, Radhakrishnan K, Subramaniyan V and Rajadesingu S:
Next-generation smart wound dressings: Al integration, biosen-
sors, and electrospun nanofibers for chronic wound therapy.
J Biomater Sci Polym Ed 37: 962-1012, 2026.

Kaiser P, Wichter J and Windbergs M: Therapy of infected
wounds: Overcoming clinical challenges by advanced drug
delivery systems. Drug Deliv Transl Res 11: 1545-1567, 2021.
Rajput A, Kulkarni M, Deshmukh P, Pingale P, Garkal A,
Gandhi S and Butani S: A key role by polymers in microneedle
technology: A new era. Drug Dev Ind Pharm 47: 1713-1732,2021.
Ding K, Liao M, Wang Y and Lu JR: Advances in composite
stimuli-responsive hydrogels for wound healing: Mechanisms
and applications. Gels 11: 420, 2025.

Gounden V and Singh M: Hydrogels and wound healing: Current
and future prospects. Gels 10: 43,2024.

Haidari H, BrightR, Yu Y, Vasilev K and Kopecki Z: Development
of microneedles for antimicrobial drug delivery: A comprehen-
sive review on applications in wound infection management.
Small Sci 4: 2400158, 2024.

Bhardwaj H, Khute S, Sahu R and Jangde RK: Advanced drug
delivery system for management of chronic diabetes wound
healing. Current Drug Targets 24: 1239-1259, 2023.

Uddin MJ, Gholap AD, Zulfiqar I, Sadiq SB, Lucky S and
Lubna KA: Natural Biomaterials Used in Wound Healing and
Diabetic Foot. In: Faiyazuddin M and Suryawanshi M, (eds.).
Design and Processing of Green Materials. Exploring Sustainable
Applications in Medical and Pharmaceuticals Sciences, Vol 4.
Springer, Cham, pp329-368, 2025.

Wang H, Chang X,Ma Q, Sun B,LiH,ZhouJ,Hu Y, Yang X,Li]J,
Chen X and Song J: Bioinspired drug-delivery system emulating
the natural bone healing cascade for diabetic periodontal bone
regeneration. Bioact Mater 21: 324-339, 2023.

Makvandi P, Josic U, Delfi M, Pinelli F, Jahed V, Kaya E,
Ashrafizadeh M, Zarepour A, Rossi F, Zarrabi A, et al: Drug
delivery(nano)platforms for oral and dental applications: Tissue
regeneration, infection control, and cancer management. Adv Sci
(Weinh) 8: 2004014, 2021.

WORLD ACADEMY OF SCIENCES JOURNAL 8: 83, 2026

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

13

Girija AR, Balasubramanian S and Cowin Al:
Nanomaterials-based drug delivery approaches for wound
healing. Curr Pharm Des 28: 711-726, 2022.

Huang X, Lu J, An Y, Xu M, Chen X, Liu C, Zhou X, Shan H,
Qian Y and Zhang M: Electrospun PLGA/PCL nanofiber film
loaded with LPA promotes full-layer wound healing by regu-
lating the keratinocyte pyroptosis. ACS Appl Mater Interfaces 17:
20756-20767, 2025.

De Soricellis C, Laigle C, Spinelli L, Monti MC, Amante C,
Russo P, Aquino RP, Rousselle P, Lollo G and Del Gaudio P:
Lipidized LL37-loaded PLGA nanocarriers: Bioengineered
peptide delivery systems for enhanced wound healing. Int
J Pharm 677: 125668, 2025.

Aibani N, Rai R, Patel P, Cuddihy G and Wasan EK: Chitosan
nanoparticles at the biological interface: Implications for drug
delivery. Pharmaceutics 13: 1686, 2021.

Parashar R, Namdeo KP and Kumar M: Formulation, optimiza-
tion and characterization of topical film-forming solution for
treatment of diabetic foot ulcer. Int J Pharm Sci Res 13: 4776,
2022.

Kumar M, Mahmood S, Chopra S and Bhatia A: Biopolymer
based nanoparticles and their therapeutic potential in wound
healing-A review. Int J Biol Macromol 267: 131335, 2024.
Sivadasan D, Sultan MH, Madkhali O, Almoshari Y and
Thangavel N: Polymeric lipid hybrid nanoparticles (PLNs) as
emerging drug delivery platform-A comprehensive review of
their properties, preparation methods, and therapeutic applica-
tions. Pharmaceutics 13: 1291, 2021.

Fluksman A, Lafuente A, Braunstein R, Steinberg E, Friedman N,
Yekhin Z, Roca AG, Nogues J, Hazan R, Sepulveda B and
Benny O: Modular drug-loaded nanocapsules with metal dome
layers as a platform for obtaining synergistic therapeutic biolog-
ical activities. ACS Appl Mater Interfaces 15: 50330-50343,
2023.

Salem KF, Saleh MM, Abu-Ellail FF, Abbas HS and
Mahmoud AS: Role of quantum dots, polymeric NPS and
dendrimers in emphasizing crops tolerate biotic and abiotic
stresses, Sustainable Agriculture Reviews 53: Nanoparticles:
A New Tool to Enhance Stress Tolerance, Springer, pp1-31,2022.
Kotta S, Aldawsari HM, Badr-Eldin SM, Nair AB and Yt K:
Progress in polymeric micelles for drug delivery applications.
Pharmaceutics 14: 1636, 2022.

Kaith BS, Singh A, Sharma AK and Sud D: Hydrogels: Synthesis,
classification, properties and potential applications-a brief
review. J Polymers Environ 29: 3827-3841, 2021.

Farasati Far B, Naimi-Jamal MR, Sedaghat M, Hoseini A,
Mohammadi N and Bodaghi M: Combinational system of
lipid-based nanocarriers and biodegradable polymers for wound
healing: An updated review. J Funct Biomater 14: 115, 2023.
Cortesi R, Sguizzato M and Ferrara F: Lipid-based nanosystems
for wound healing. Expert Opin Drug Deliv 21: 1191-211, 2024.
Wathoni N, Suhandi C, Elamin KM, Lesmana R, Hasan N,
Mohammed AFA, El-Rayyes A and Wilar G: Advancements and
challenges of nanostructured lipid carriers for wound healing
applications. Int J Nanomedicine 19: 8091-8113, 2024.

Sanati M and Yavari SA: Liposome-integrated hydrogel hybrids:
Promising platforms for cancer therapy and tissue regeneration.
J Control Release 368: 703-727,2024.

Ahmed MS, Yun S, Kim HY, Ko S, Islam M and Nam KW:
Hydrogels and microgels: Driving revolutionary innovations in
targeted drug delivery, strengthening infection management, and
advancing tissue repair and regeneration. Gels 11: 179, 2025.
Mendes C, Thirupathi A, Corréa MEAB, Gu Y and Silveira PCL:
The use of metallic nanoparticles in wound healing: New
perspectives. Int J Mol Sci 23: 15376, 2022.

Wang Y, Zhang M, Yan Z, Ji S, Xiao S and Gao J: Metal nanopar-
ticle hybrid hydrogels: The state-of-the-art of combining hard
and soft materials to promote wound healing. Theranostics 14:
1534-1560, 2024.

Zheng Q, Chen C, Liu Y, Gao J,Li L, Yin C and Yuan X: Metal
nanoparticles: Advanced and promising technology in diabetic
wound therapy. Int ] Nanomedicine 19: 965-992, 2024.
Kwiatkowska A,Drabik M, Lipko A,Grzeczkowicz A,Stachowiak R,
Marszalik A and Granicka LH: Composite membrane dressings
system with metallic nanoparticles as an antibacterial factor in
wound healing. Membranes (Basel) 12: 215, 2022.

Ghafari Y, Asefnejad A and Ogbemudia DO: Gold nanoparticles
in biomedicine: Advancements in cancer therapy, drug delivery,
diagnostics, and tissue regeneration. Sci Hypotheses 1: 21-35,
2024.


https://www.spandidos-publications.com/10.3892/wasj.2026.498

14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

DASH et al: DRUG DELIVERY STRATEGIES FOR WOUND HEALING AND REGENERATION

Nandhini J, Karthikeyan E, Rani EE, Karthikha V, Sanjana DS,
Jeevitha H, Rajeshkumar S, Venugopal V and Priyadharshan A:
Advancing engineered approaches for sustainable wound regen-
eration and repair: Harnessing the potential of green synthesized
silver nanoparticles. Engineered Regen 5: 306-325, 2024.

LuZ, YuD,Nie F, Wang Y and Chong Y: Iron nanoparticles open
up new directions for promoting healing in chronic wounds in
the context of bacterial infection. Pharmaceutics 15: 2327, 2023.
Yerpude ST, Potbhare AK, Bhilkar P,Rai AR, SinghRP,Abdala AA,
Adhikari R, Sharma R and Chaudhary RG: Biomedical, clinical
and environmental applications of platinum-based nanohybrids:
An updated review. Environ Res 231: 116148, 2023.

Sandoval C, Rios G, Sepilveda N, Salvo J, Souza-Mello V and
Farfas J: Effectiveness of copper nanoparticles in wound healing
process using in vivo and in vitro studies: A systematic review.
Pharmaceutics 14: 1838, 2022.

Ifijen IH, Akobundu UU, Chukwu JU, Obuba SE, Edem SE,
Solomon EC, Aluah D, Adekola AD, Edoka OE and Okeke EI:
Titanium-based nanoparticles: Innovations in energy applica-
tions, wastewater treatment, and tissue engineering for cardiac
regeneration. Discover Chem 2: 1-58, 2025.

Prajapati BG, Sharma D, Elossaily GM, Sharma N, Bilandi A and
Kapoor DU: Unlocking potential of zinc oxide nanoparticles in
enhancing topical drug delivery. Nano Struct Nano Objects 39:
101302, 2024.

Hamid LL, Hassan MH and Obaid AS: Allium sativum extract
mediate the biosynthesis of palladium nanoparticles as potential
nanodrug for combating multidrug-resistant bacteria and wound
healing. Mater Chem Phys 321: 129507, 2024.

Gajurel B, Tamang KB, Das D and Adhikari R: Advances in
synthetic strategies and applications of polymeric hydrogels.
Polymer Eng Sci 65: 2803-2840, 2025.

Divyashri G, Badhe RV, Sadanandan B, Vijayalakshmi V,
Kumari M, Ashrit P, Bijukumar D, Mathew MT, Shetty K and
Raghu AV: Applications of hydrogel-based delivery systems in
wound care and treatment: An up-to-date review. Polymers Adv
Technol 33: 2025-2043, 2022.

Ghomi ER, Shakiba M, Ardahaei AS, Kenari MA, Faraji M,
Ataei S, Kohansal P, Jafari I, Abdouss M and Ramakrishna S:
Innovations in drug delivery for chronic wound healing. Curr
Pharm Des 28: 340-351, 2022.

Olteanu G, Neacsu SM, Joita FA, Musuc AM, Lupu EC,
Ionitd-Mindrican CB, Lupuliasa D and Mititelu M: Advancements
in regenerative hydrogels in skin wound treatment: A compre-
hensive review. Int J Mol Sci 25: 3849, 2024.

Zhang W, Liu L, Cheng H, Zhu J, Li X, Ye S and Li X:
Hydrogel-based dressings designed to facilitate wound healing.
Materials Adv 5: 1364-1394, 2024.

Zhang Y and Wu BM: Current advances in stimuli-responsive
hydrogels as smart drug delivery carriers. Gels 9: 838, 2023.
Jacob S, Nair AB, Shah J, Sreeharsha N, Gupta S and Shinu P:
Emerging role of hydrogels in drug delivery systems, tissue engi-
neering and wound management. Pharmaceutics 13: 357, 2021.
Zhao Y, Ran B, Xie X, Gu W, Ye X and Liao J: Developments
on the smart hydrogel-based drug delivery system for oral tumor
therapy. Gels 8: 741, 2022.

Haidari H, Kopecki Z, Sutton AT, Garg S, Cowin AJ and
Vasilev K: pH-responsive ‘Smart’ hydrogel for controlled
delivery of silver nanoparticles to infected wounds. Antibiotics
(Basel) 10: 49, 2021.

Hu C, Long L, Cao J, Zhang S and Wang Y: Dual-crosslinked
mussel-inspired smart hydrogels with enhanced antibacterial and
angiogenic properties for chronic infected diabetic wound treat-
ment via pH-responsive quick cargo release. Chem Eng J 411:
128564, 2021.

Andrade F, Roca-Melendres MM, Duran-Lara EF, Rafael D and
Schwartz S Jr: Stimuli-responsive hydrogels for cancer treat-
ment: The role of pH, light, ionic strength and magnetic field.
Cancers (Basel) 13: 1164, 2021.

Ding J, Jiang J, Tian Y, Su B, Zeng M, Wu C, Wei D, Sun J, Luo H
and Fan H: Temperature-responsive hydrogel system integrating
wound temperature monitoring and on-demand drug release for
sequentially inflammatory process regulation of wound healing.
ACS Appl Mater Interfaces 16: 67444-67457,2024.

Pang Q, Yang F, Jiang Z, Wu K, Hou R and Zhu Y: Smart wound
dressing for advanced wound management: Real-time monitoring
and on-demand treatment. Materials Design 229: 111917, 2023.
Lai CM, Chen WJ, Qin Y, Xu D, Lai YK and He SH: Innovative
hydrogel design: Tailoring immunomodulation for optimal
chronic wound recovery. Adv Sci (Weinh) 12: 2412360, 2025.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.
83.

Michalicha A, Belcarz A, Giannakoudakis DA, Staniszewska M
and Barczak M: Designing composite stimuli-responsive hydro-
gels for wound healing applications: The state-of-the-art and
recent discoveries. Materials (Basel) 17: 278, 2024.

Yang X, Zhang C, Deng D, Gu Y, Wang H and Zhong Q: Multiple
stimuli-responsive MXene-based hydrogel as intelligent drug
delivery carriers for deep chronic wound healing. Small 18:
€2104368, 2104.

Ryall C, Duarah S, Chen S, Yu H and Wen J: Advancements in
skin delivery of natural bioactive products for wound manage-
ment: A brief review of two decades. Pharmaceutics 14: 1072,
2022.

Rana MM and De la Hoz Siegler H: Evolution of hybrid hydro-
gels: Next-generation biomaterials for drug delivery and tissue
engineering. Gels 10: 216, 2024.

Kenawy ERS, Kamoun EA, Ghaly ZS, Shokr AbM,
El-Meligy MA and Mahmoud YAG: Novel physically
cross-linked curcumin-loaded PVA/aloe vera hydrogel
membranes for acceleration of topical wound healing: In vitro
and in vivo experiments. Arabian J Sci Eng 48: 497-514, 2023.
Yuan Y, Shen S and Fan D: A physicochemical double
cross-linked multifunctional hydrogel for dynamic burn wound
healing: Shape adaptability, injectable self-healing property and
enhanced adhesion. Biomaterials 276: 120838, 2021.

Cui T, Yu J, Wang CF, Chen S, Li Q, Guo K, Qing R, Wang G and
Ren J: Micro-gel ensembles for accelerated healing of chronic
wound via pH regulation. Adv Sci (Weinh) 9: 2201254, 2022.
Yao G, Mo X, Yin C, Lou W, Wang Q, Huang S, Mao L, Chen S,
Zhao K, Pan T, et al: A programmable and skin temperature-
activated electromechanical synergistic dressing for effective
wound healing. Sci Adv 8: eabl8379, 2022.

Naghib SM, Amiri S and Mozafari M: Stimuli-responsive
chitosan-based nanocarriers for drug delivery in wound dressing
applications: A review. Carbohydr Polymer Technol Appl 7:
100497, 2024.

T A, Prabhu A, Baliga V, Bhat S, Thenkondar ST, Nayak Y and
Nayak UY: Transforming wound management: Nanomaterials
and their clinical impact. Pharmaceutics 15: 1560, 2023.
Shalaby MA, Anwar MM and Saeed H: Nanomaterials for
application in wound Healing: Current state-of-the-art and future
perspectives. J Polymer Res 29: 91, 2022.

Das M, Ray L and Tripathy J: Ceramic coatings for wound
healing applications, Advanced Ceramic Coatings for Emerging
Applications, Elsevier, pp311-331, 2023,

Chauhan N, Saxena K and Jain U: Carbon-based nanomaterials
in wound care management: A new and pristine strategy. Biomed
Materials Devices 1: 108-121, 2023.

Malehmir S, Esmaili MA, Khaksary Mahabady M,
Sobhani-Nasab A, Atapour A, Ganjali MR, Ghasemi A and
Moradi Hasan-Abad A: A review: Hemocompatibility of
magnetic nanoparticles and their regenerative medicine, cancer
therapy, drug delivery, and bioimaging applications. Front
Chem 11: 1249134, 2023.

Hooshmand S, Mollazadeh S, Akrami N, Ghanad M, El-Fiqi A,
Baino F, Nazarnezhad S and Kargozar S: Mesoporous silica
nanoparticles and mesoporous bioactive glasses for wound
management: From skin regeneration to cancer therapy.
Materials 14: 3337, 2021.

Matei AM, Caruntu C, Tampa M, Georgescu SR, Matei C,
Constantin MM, Constantin TV, Calina D, Ciubotaru DA and
Badarau IA: Applications of nanosized-lipid-based drug delivery
systems in wound care. Appl Sci 11: 4915, 2021.

Jaiswal R and Sherje AP: Recent advances in biopolymer-based
smart hydrogel for wound healing. J Drug Delivery Sci
Technol 99: 105990, 2024.

Mehvari F, Ramezanzade V, An J, Kim J, Dinari M and Kim JS:
Biopolymer-based hydrogels for biomedical applications:
Bioactivity and wound healing properties. Coord Chem Rev 518:
216093, 2024.

Raina N, Rani R, Pahwa R and Gupta M: Biopolymers and treat-
ment strategies for wound healing: An insight view. Int J Polym
Mater Polym Biomater 71: 359-375, 2022.

Hama R, Ulziibayar A, Reinhardt JW, Watanabe T, Kelly J and
Shinoka T: Recent developments in biopolymer-based hydrogels
for tissue engineering applications. Biomolecules 13: 280, 2023.
Kalia S and Avérous L: Biopolymers: Biomedical and environ-
mental applications. John Wiley & Sons, 2011.

Ottaviano L, Buoso S, Zamboni R, Sotgiu G and Posati T: Natural
protein films from textile waste for wound healing and wound
dressing applications. J Funct Biomater 16: 20, 2025.



A= SPANDIDOS
7] §, PUBLICATIONS

84.Seeman NC and Sleiman HF: DNA nanotechnology. Nat Rev
Materials 3: 1-23,2017.

85.Mhaske S, Mohanty J and Madan K: Bio-based polyesters.
Bio-based polymers: Farm to Industry. Vol 1: Chemistry and
Feedstocks. ACS Publications, pp63-88, 2024.

86. Samantaray PK, Little A, Haddleton DM, McNally T, Tan B, Sun Z,
Huang W, Ji Y and Wan C: Poly(glycolic acid) (PGA): A versa-
tile building block expanding high performance and sustainable
bioplastic applications. Green Chem 22: 4055-4081, 2020.

87. Satchanska G, Davidova S and Petrov PD: Natural and synthetic
polymers for biomedical and environmental applications.
Polymers (Basel) 16: 1159, 2024.

88.Vasile C and Baican M: Lignins as promising renewable
biopolymers and bioactive compounds for high-performance
materials. Polymers (Basel) 15: 3177,2023.

89. Bilal M, Munir H, Khan MI, Khurshid M, Rasheed T, Rizwan K,
Franco M and Igbal HMN: Gums-based engineered bio-nano-
structures for greening the 21st-century biotechnological
settings. Crit Rev Food Sci Nutr 62: 3913-3929, 2022.

90.Kumar A, Kondaveeti SB, Tripathi AK, Agrawal M, Singh TG,
Kumar D and Kumar M: Smart Stings of nature: Harnessing
microneedles assisted targeted phytoconstituent delivery for
dermatological disorders. AAPS PharmSciTech 27: 66, 2026.

91. Larrafieta E, Lutton R, Woolfson A and Donnelly RF:
Microneedle arrays as transdermal and intradermal drug
delivery systems: Materials science, manufacture and commer-
cial development. Mater Sci Eng R Rep 104: 1-32, 2016.

92.Qu F, Geng R, Liu Y and Zhu J: Advanced nanocarrier-and
microneedle-based transdermal drug delivery strategies for skin
diseases treatment. Theranostics 12: 3372, 2022.

93. Gattu K, Godugu D, Jain H, Jadhav K, Cho H and Rojekar S:
Microneedle technologies for drug delivery: Innovations, appli-
cations, and commercial challenges. Micromachines (Basel) 17:
102, 2026.

94.Mangang KN, Thakran P, Halder J, Yadav KS, Ghosh G,
Pradhan D, Rath G and Rai VK: PVP-microneedle array for
drug delivery: Mechanical insight, biodegradation, and recent
advances. J Biomater Sci Polym Ed 34: 986-1017, 2023.

95. Tian Y, Xia L, Song X and Chen Y: Dissolving microneedles as in
situ chemical reaction chambers: From design strategies to versa-
tile biomedical applications. Adv Funct Mater 35: 2422274, 2025.

96.Jian X, Deng Y, Xiao S, Qi F and Deng C: Microneedles in
diabetic wound care: Multifunctional solutions for enhanced
healing. Burns Trauma 13: tkae076, 2025.

97.Shriky B, Babenko M and Whiteside BR: Dissolving and
swelling Hydrogel-based microneedles: An overview of their
materials, fabrication, characterization methods, and challenges.
Gels 9: 806, 2023.

98. Alberts A, Bratu AG, Niculescu AG and Grumezescu AM:
New perspectives of hydrogels in chronic wound management.
Molecules 30: 686, 2025.

99.0Omidian H and Dey Chowdhury S: Multifunctional hydrogel
microneedles (HMNs) in drug delivery and diagnostics. Gels 11:
206, 2025.

100.Shahi F, Afshar H, Dawi EA and Khonakdar HA: Smart
microneedles in biomedical engineering: Harnessing stimuli-
responsive polymers for novel applications. Polym Adv
Technol 35: €70020, 2024.

101. Wang Y, He Y, Zhang T and Lin Y: Advances in microneedle
technology for skin wound healing: Integrating nanomate-
rials and intelligent drug delivery systems. Nanoscale 17:
18505-18533, 2025.

102. Youssef K, Ullah A, Rezai P, Hasan A and Amirfazli A: Recent
advances in biosensors for real time monitoring of pH, tempera-
ture, and oxygen in chronic wounds. Mater Today Bio 22:
100764, 2023.

103. Abhinav V, Basu P, Verma SS, Verma J, Das A, Kumari S,
Yadav PR and Kumar V: Advancements in wearable and
implantable BioMEMS devices: Transforming healthcare
through technology. Micromachines 16: 522, 2025.

WORLD ACADEMY OF SCIENCES JOURNAL 8: 83, 2026 15

104.Sufiyan M, Kushwaha P, Ahmad M, Mandal P and
Vishwakarma KK: Scaffold-mediated drug delivery for
enhanced wound healing: A review. AAPS PharmSciTech 25:
137,2024.

105. Majrashi MAA, Yahya EB, Mushtaq RY, Abdul Khalil HPS,
Rizg WY, Alissa M, Alkharobi H, Badr MY and Hosny KM:
Revolutionizing drug delivery: Exploring the impact of
advanced 3D printing technologies on polymer-based systems.
J Drug Deliv Sci Technol 98: 105839, 2024.

106. Balavigneswaran CK, Selvaraj S, Vasudha TK, Iniyan S and
Muthuvijayan V: Tissue engineered skin substitutes: A compre-
hensive review of basic design, fabrication using 3D printing,
recent advances and challenges. Biomater Adv 153: 213570,
2023.

107. Mo X, Ouyang L, Xiong Z and Zhang T: Advances in digital
light processing of hydrogels. Biomed Mater: 17, 2022 doi:
10.1088/1748-605X/ac6b04.

108. Doberenz F, Zeng K, Willems C, Zhang K and Groth T:
Thermoresponsive polymers and their biomedical application
in tissue engineering-a review. J Mater Chem B 8: 607-628,
2020.

109. Heydari P, Zargar Kharazi A, Asgary S and Parham S:
Comparing the wound healing effect of a controlled release
wound dressing containing Curcumin/ciprofloxacin and simvas-
tatin/ciprofloxacin in a rat model: A preclinical study. ] Biomed
Mater Res A 110: 341-352,2022.

110. Das 1J and Bal T: pH factors in chronic wound and pH-respon-
sive polysaccharide-based hydrogel dressings. Int J Biol
Macromol 279: 135118, 2024.

111. Chou KC, Cherng JH, Ou KL and Wang Y W: Gold nanoclusters
on a silk fibroin scaffold accelerate fibroblast proliferation and
improve burn recovery in a mouse burn model. Mater Des 244:
113221, 2024.

112.Cho Y, Beak JW, Sagong M, Ahn S, Nam JS and Kim ID:
Electrospinning and nanofiber technology: Fundamentals,
innovations, and applications. Adv Mater 37: €2500162, 2025.

113. Taokaew S and Chuenkaek T: Developments of Core/Shell
chitosan-based nanofibers by electrospinning techniques:
A review. Fibers 12: 26, 2024.

114. Sabarees G, Velmurugan V, Tamilarasi GP, Alagarsamy V
and Raja Solomon V: Recent advances in silver nanoparticles
containing nanofibers for chronic wound management. Polymers
(Basel) 14: 3994,2022.

115. Zheng Z, Zhang H, Yang J, Liu X, Chen L, Li W, Mi S, Zhou H,
Zheng W, Xue W, et al: Recent advances in structural and
functional design of electrospun nanofibers for wound healing.
J Mater Chem B 13: 5226-5263, 2025.

116. Stoica AE, Grumezescu AM, Hermenean AO, Andronescu E
and Vasile BS: Scar-free healing: Current concepts and future
perspectives. Nanomaterials (Basel) 10: 2179, 2020.

117. Ghasempour A, Dehghan H, Mahmoudi M and Lavi Arab F:
Biomimetic scaffolds loaded with mesenchymal stem cells
(MSCs) or MSC-derived exosomes for enhanced wound healing.
Stem Cell Res Ther 15: 406, 2024.

118. Zhu D,Hu Y,Kong X,Luo Y,Zhang Y,Wu Y, TanJ,Chen J, Xu T
and Zhu L: Enhanced burn wound healing by controlled-release
3D ADMSC-derived exosome-loaded hyaluronan hydrogel.
Regen Biomater 11: rbae035, 2024.

119. Huang W, Guo Q, Wu H, Zheng Y, Xiang T and Zhou S:
Engineered exosomes loaded in intrinsic immunomodulatory
hydrogels with promoting angiogenesis for programmed therapy
of diabetic wounds. ACS Nano 19: 14467-14483, 2025.

Copyright © 2026 Dash et al. This work is licensed
Ev under a Creative Commons Attribution 4.0

International (CC BY 4.0) License.


https://www.spandidos-publications.com/10.3892/wasj.2026.498

