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Abstract

Superficial wound healing is a tightly regulated physiological process involving coordinated
cellular proliferation, extracellular matrix remodeling, angiogenesis, and controlled
inflammation to achieve rapid tissue closure with minimal scar formation. Conventional
dressings such as gauze and synthetic films primarily function as passive barriers and lack the
ability to actively promote regeneration, prevent infection, or modulate fibrosis. Growing
interest in bioactive wound dressings has therefore shifted toward natural biopolymer-based
systems integrated with functional additives. While single-polymer dressings offer
biocompatibility, they often exhibit limited mechanical strength, poor stability, and suboptimal
biological performance. In contrast, composite polymer systems such as collagen, gelatin, or
chitosan-based blends provide enhanced structural integrity, controlled degradation, and
improved cellular interactions by more closely mimicking the native extracellular matrix. The
incorporation of bioactive fillers further improves therapeutic efficacy: mineral-based fillers like
B-tricalcium phosphate enhance mechanical reinforcement and calcium-mediated tissue
regeneration; metallic agents such as silver nanoparticles provide strong antimicrobial effects
but may pose cytotoxicity concerns; and herbal bioactives, particularly Centella asiatica, offer
multifunctional wound-healing, anti-inflammatory, antioxidant, and scar-modulating properties
with superior biocompatibility. Overall, composite, herbal-loaded wound patches represent a
promising multifunctional strategy for advanced superficial wound management, although
further optimization and clinical validation remain essential. This review systematically
discusses and compares mineral, metallic, and herbal fillers in single and composite polymer
systems to highlight their respective advantages, limitations, and future potential in advanced
wound care applications
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1. INTRODUCTION

Superficial wound healing is a complex and precisely
regulated biological event characterized by four
interconnected stages: haemostasis, inflammation,
proliferation, and tissue remodelling. These
sequential yet overlapping phases involve
coordinated interactions between keratinocytes,
fibroblasts, endothelial cells, inflammatory
mediators, and extracellular matrix (ECM)
components to restore the structural and functional
integrity of the skin. Efficient repair of superficial
wounds is critical not only to prevent infection and
excessive fluid loss but also to achieve optimal
cosmetic outcomes with minimal scar formation.
However, when this tightly controlled cascade is
disrupted due to prolonged inflammation, microbial
contamination, oxidative stress, or inadequate
matrix support re-epithelialization may be delayed,
increasing the risk of hypertrophic or fibrotic scar
development. Such impairments affect both
functional recovery and aesthetic quality,
underscoring the need for advanced therapeutic
approaches that actively regulate tissue
regeneration and ECM remodeling. Traditional
wound dressings, including gauze, cotton pads, and
synthetic polymeric films, remain commonly used
because of their low cost and simplicity. Despite their
widespread application, these materials primarily
serve as protective coverings that provide
mechanical shielding and basic moisture retention.
They do not intrinsically support cellular signalling,
angiogenesis, or regulated collagen synthesis, which
are essential for effective healing and scar control.
Moreover, their limited antimicrobial performance
and inability to counteract oxidative stress reduce
their clinical effectiveness, particularly in wounds
susceptible to infection or delayed healing (Zhong et
al., 2024). Consequently, passive dressings are
increasingly being replaced by bioactive systems
capable of interacting with the wound
microenvironment. Recent advancements in wound
care have focused on natural biopolymer-based
materials and multifunctional composite scaffolds
designed to emulate the architecture and function of
the native ECM. Biopolymers such as collagen,
gelatin, and chitosan are especially attractive due to
their biocompatibility, biodegradability, and capacity
to support cell adhesion and proliferation. Collagen,
in particular, provides structural cues that facilitate
fibroblast migration and matrix deposition.
Nevertheless, formulations based on a single
polymer often lack sufficient mechanical robustness,
exhibit rapid degradation, and show limited long-
term stability. To overcome these shortcomings,
mineral reinforcements such as B-tricalcium
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phosphate (B-TCP) have been incorporated to
enhance structural strength and introduce bioactive
calcium ion release, which plays a role in cellular
signalling and tissue remodeling. In parallel, the
incorporation of plant-derived bioactives has
emerged as a promising strategy to enhance
therapeutic efficacy while maintaining safety.
Centella asiatica, widely recognized in traditional
medicine, contains  triterpenoid compounds
including asiaticoside and madecassoside that
promote collagen synthesis, stimulate fibroblast
activity, enhance angiogenesis, and modulate
inflammatory responses. Its antioxidant and scar-
modulating properties further contribute to
improved wound resolution. The combination of
collagen with B-TCP and Centella asiatica therefore
represents a synergistic design strategy that
integrates mechanical reinforcement with biological
regulation. Such multifunctional composite systems
offer the potential to accelerate wound closure,
optimize ECM remodeling, and reduce excessive scar
formation (Farjaminejad et al., 2024). This review
examines the mechanistic rationale, material design
considerations, and therapeutic potential of
collagen—B-TCP composite systems enriched with
herbal bioactives, with particular emphasis on
Centella asiatica, and highlights their advantages
over conventional and single-polymer wound
dressings.

2. Single-Polymer vs Composite Polymer Systems
Polymeric biomaterials have become indispensable
in modern wound healing, tissue engineering, and
drug delivery applications due to their versatility,
biocompatibility, and tunable physicochemical
properties. Early research predominantly focused on
single-polymer systems because of their simplicity,
ease of fabrication, and well-established biological
compatibility. However, as the complexity of wound
environments and regenerative requirements
became better understood, it became evident that
single polymers often fail to meet the multifunctional
demands of advanced biomedical applications figure
1. Consequently, composite polymer systems—
formed by blending natural or synthetic polymers
have gained increasing attention for their ability to
provide synergistic enhancements in mechanical
strength, biological activity, and degradation control.
2.1. Limitations of Single Polymer Systems in

Biomedical Applications

Although single-polymer matrices have been
extensively investigated for wound healing and
tissue engineering applications, their standalone use
is often constrained by intrinsic material limitations.
Natural polymers such as collagen, gelatin, and
alginate are highly valued for their biocompatibility,
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biodegradability, and ability to support cellular
attachment and proliferation (Table 1). Despite these
advantages, they frequently exhibit insufficient
mechanical robustness, rapid enzymatic breakdown,
high swelling behavior, and poor structural stability
under physiological conditions (Xu et al., 2023;
Oliveira et al., 2023). Such characteristics may
compromise scaffold integrity, particularly in
wounds subjected to mechanical stress or prolonged
exposure to exudate. On the other hand, synthetic
polymers including polylactic acid (PLA) and
polycaprolactone (PCL) offer improved mechanical
strength and more predictable, slower degradation
profiles. However, these materials inherently lack
biological recognition sites, hydrophilic surfaces, and
intrinsic bioactivity necessary to facilitate effective
cell adhesion and tissue integration (Oliveira et al.,
2023). Consequently, synthetic polymers often
require additional surface modification, blending, or
biofunctionalization to improve their biological
compatibility. Another critical drawback of single-
polymer systems lies in their limited capacity for
controlled therapeutic delivery. Many polymer
matrices demonstrate rapid initial drug release,
commonly referred to as burst release, followed by
inconsistent degradation behavior, which reduces
their suitability for sustained and regulated drug
delivery applications (Choi et al., 2024). Moreover,
individual polymers rarely provide multifunctional
performance such as simultaneous mechanical
reinforcement, antimicrobial protection, hemostatic
action, and controlled biodegradation within a
unified scaffold design (Krishnan & Sampath, 2025).
These cumulative limitations have encouraged the
advancement of composite polymer systems, where
synergistic material combinations are employed to
enhance mechanical, biological, and therapeutic
functionality in a single integrated platform.

2.2. Advantages of Gelatin—Chitosan Composite

Systems in Biomedical Applications

Gelatin—chitosan composites have gained
considerable attention in wound healing and tissue
engineering because of the complementary
advantages offered by both polymers. Gelatin, which
is derived from collagen, closely resembles the
natural extracellular matrix and supports cell
attachment and proliferation due to the presence of
RGD sequences. These features make gelatin highly
favorable for tissue regeneration. However, when
used alone, gelatin tends to degrade rapidly in moist
environments and lacks sufficient mechanical
strength, limiting its practical application in wound
dressings.
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Chitosan, a natural polysaccharide obtained from
chitin, offers different but equally valuable
properties. It possesses inherent antimicrobial
activity, hemostatic capability, and good film-
forming potential. Its positively charged amino
groups enable interaction with negatively charged
bacterial cell membranes, contributing to its
antibacterial effects. Despite these advantages,
chitosan alone has limited flexibility and does not
always provide optimal cell-interactive properties for
tissue regeneration. When gelatin and chitosan are
combined, their individual limitations are
significantly reduced, resulting in a more balanced
and functional composite material (Liu et al., 2023).
The electrostatic attraction between the positively
charged amino groups of chitosan and the negatively
charged carboxyl groups of gelatin forms a stronger
and more stable polymer network. This interaction
enhances tensile strength, elasticity, and overall
structural stability compared to single-polymer
systems (Zhang et al., 2022). Such improvements are
particularly important in wound dressings that must
withstand movement and mechanical stress while
maintaining a supportive environment for healing.
Another key benefit is tunable biodegradation. By
adjusting the gelatin-to-chitosan ratio and
incorporating crosslinking agents such as genipin or
EDC/NHS, researchers can regulate degradation
rates to align with tissue regeneration timelines. This
controlled degradation addresses the rapid
enzymatic breakdown observed in gelatin-only
systems  while preserving the composite’s
biocompatibility (Hosseini et al., 2024). Biologically,
gelatin—chitosan composites demonstrate enhanced
wound healing performance. Gelatin supports
fibroblast adhesion and proliferation through RGD-
mediated interactions, while chitosan provides
antimicrobial protection and promotes hemostasis.
Studies have reported accelerated re-
epithelialization, increased collagen deposition,
improved angiogenesis, and faster wound closure
rates in composite systems compared to single
polymer constructs (Singh et al., 2023). Additionally,
these composites exhibit improved drug loading
efficiency and sustained release profiles. The
formation of a polyelectrolyte complex within the
blended matrix reduces burst release and enables
prolonged therapeutic delivery, which is particularly
advantageous for chronic wound management
(Zhang et al., 2022). Such systems can incorporate
antibiotics, growth factors, antioxidants, and plant-
derived bioactives for multifunctional therapeutic
action.
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Table 1: Comparative analysis of single-polymer and composite polymer systems in biomedical wound

healing applications.

Parameter Single Polymer System

Composite Polymer System

Material Composition

Mechanical

Properties
polymers

Structural Stability

Degradation
Behavior

Natural polymers offer good biocompatibility
but may lack durability; synthetic polymers lack

Biological Activity
intrinsic bioactivity

Clinical Potential L
applications

Consists of a single natural (e.g., gelatin,
chitosan) or synthetic (e.g., PCL, PLA) polymer

Often exhibits limited tensile strength and poor
load-bearing capacity, especially for natural

Higher swelling ratio and rapid degradation
under physiological conditions

Difficult to control; may degrade too rapidly or
too slowly depending on polymer type

Suitable for simple wound coverage

Combination of two or more polymers
(natural-natural or natural-synthetic)
forming blended or interpenetrating
networks

Improved tensile strength, elasticity,
and compressive modulus due to
synergistic intermolecular interactions
and crosslinking
Reduced swelling, enhanced structural

integrity, and tunable degradation rate

Degradation kinetics can be tailored

density

Combines bioactivity (e.g., cell
adhesion from gelatin) with
antimicrobial or hemostatic properties
(e.g., chitosan)

More suitable for advanced wound
healing, chronic wounds, and tissue
engineering

2.3. Improved Mechanical Strength, Stability, and
Biological Performance

Composite polymer systems significantly enhance
the overall functional performance of wound healing
materials through polymer blending and crosslinking
strategies.

2.3.1. Improved Mechanical Strength

Single natural polymers such as gelatin or chitosan
often exhibit inadequate tensile strength and
susceptibility to deformation under physiological
conditions. The formation of gelatin—chitosan
composites improve mechanical resilience through
electrostatic interactions and hydrogen bonding.
Crosslinking agents such as genipin or EDC/NHS
further strengthen the polymer network by forming
stable covalent bonds, enhancing structural integrity
and resistance to mechanical stress (Zhang et al.,
2021; Wang et al., 2022). This reinforcement ensures
scaffold durability during handling, application, and
in vivo wound environments.
2.3.2. Improved Stability

Degradation

Composite hydrogels typically demonstrate lower
swelling ratios and slower enzymatic degradation
compared to single polymer matrices. The denser
network architecture reduces excessive water
uptake and enhances structural stability. By
modulating polymer ratios and crosslinking density,
degradation kinetics can be precisely controlled to
match tissue regeneration rates (Li et al., 2023; Chen
et al., 2020). This balance is essential for maintaining

and Controlled

scaffold integrity throughout the healing process
while allowing gradual bio-resorption.
2.3.3. Enhanced Biological Performance
The biological synergy of gelatin and chitosan
contributes to superior wound healing outcomes.
Gelatin  promotes cellular attachment and
proliferation via RGD sequences, while chitosan
provides intrinsic antimicrobial and hemostatic
activity. Together, they enhance fibroblast
proliferation, collagen synthesis, angiogenesis, and
accelerate wound contraction (Liu et al., 2022; Huang
et al., 2021). The composite microenvironment thus
supports both structural repair and infection control,
which are critical for effective superficial wound
management.
3. Bioactive Fillers: Mineral-Based vs Metallic vs
Herbal Additives
Bioactive fillers play a pivotal role in enhancing the
therapeutic functionality of polymeric wound
dressings. Beyond providing structural
reinforcement, these fillers actively modulate
cellular behavior, inflammatory responses, and
extracellular matrix (ECM) remodeling. Mineral-
based compounds, metallic nanoparticles, and plant-
derived bioactives represent three major categories
of fillers extensively explored for wound healing
applications. Each class offers distinct biological

mechanisms, influencing fibroblast proliferation,
angiogenesis, antimicrobial defense, and scar
modulation. Understanding their comparative
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advantages is essential for designing multifunctional
wound management systems.
3.1. Mineral-Based Fillers (B-Tricalcium Phosphate
and Hydroxyapatite)
Calcium phosphate—based biomaterials, particularly
B-tricalcium phosphate (B-TCP) and hydroxyapatite
(HA), have been increasingly explored as mineral
reinforcements in advanced wound healing systems.
Owing to their compositional similarity to the
inorganic phase of bone and certain extracellular
matrix components, these materials create a
biologically favorable microenvironment that
supports cellular attachment, proliferation, and
differentiation (Table 2). Their bioactive nature
makes them attractive candidates for incorporation
into polymer-based wound dressings. One of the
major advantages of B-TCP and HA is their
predictable and controlled degradation profile. As
these materials gradually resorb, they release
calcium and phosphate ions into the surrounding
tissue. These ions act as secondary messengers in
multiple cellular pathways involved in angiogenesis,
fibroblast function, and extracellular matrix
deposition (Han et al., 2021). Calcium ions, in
particular, are essential regulators of keratinocyte
migration, collagen production, and wound
contraction, all of which are critical for efficient
tissue repair. Through these mechanisms, calcium
phosphate fillers can actively contribute to enhanced
regeneration rather than serving solely as structural
additives. In the context of superficial wound
applications, B-TCP is often preferred due to its
comparatively higher resorption rate. Its gradual
degradation enables dynamic participation in tissue
remodeling without prolonged material persistence
at the wound site. In contrast, hydroxyapatite
demonstrates greater physicochemical stability and
slower degradation, providing sustained structural
reinforcement when longer scaffold integrity is
required. Importantly, the ionic dissolution products
generated from these materials have been
associated with improved collagen alignment,
increased tensile strength of newly formed tissue,
and modulation of fibroblast activity. By supporting
balanced ECM remodeling and influencing
inflammatory signaling pathways, B-TCP and HA may
help limit excessive fibrotic responses and reduce the
risk of hypertrophic scar formation, thereby
contributing to improved structural and functional
restoration of the skin (Lu et al., 2021).
Metallic Agents (Silver Nanoparticles and Zinc
Oxide)
Metallic nanoparticles, particularly silver
nanoparticles (AgNPs) and zinc oxide (ZnO), have
been widely explored in wound healing applications
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due to their strong antimicrobial and
immunomodulatory properties. Since infection is a
major contributor to delayed wound healing and
excessive scar formation, effective microbial control
plays a central role in modern wound management
strategies. AgNPs are known for their broad-
spectrum antibacterial activity, which is achieved
through multiple mechanisms, including disruption
of bacterial cell membranes, inhibition of metabolic
enzymes, and induction of reactive oxygen species
(ROS). By rapidly reducing microbial load, silver
nanoparticles help prevent sustained inflammation
that can otherwise prolong healing and promote
fibrotic scar development. In addition to their
antimicrobial effects, AgNPs have also been reported
to influence cytokine regulation, stimulate
keratinocyte migration, and support fibroblast
activity, thereby contributing to faster wound
closure (de Moura et al., 2022). Similarly, zinc oxide
nanoparticles offer both antimicrobial protection
and biological benefits that support tissue repair.
Zinc is an essential trace element involved in critical
cellular processes such as DNA synthesis, protein
production, and enzymatic activity, all of which are
necessary for effective wound regeneration. ZnO
nanoparticles exert antibacterial action against both
Gram-positive and Gram-negative bacteria through
membrane damage and ROS-mediated oxidative
stress. Beyond microbial inhibition, zinc plays an
important role in promoting re-epithelialization,
enhancing angiogenesis, and modulating
inflammatory pathways to maintain balanced healing
(Nagaiah et al., 2025). Despite these advantages, the
clinical application of metallic nanoparticles requires
careful consideration of dosage. Their therapeutic
efficacy is strongly concentration-dependent: while
low concentrations can promote antimicrobial
defense and tissue regeneration, higher levels may
lead to cytotoxic effects or excessive oxidative stress
in surrounding cells. Therefore, precise formulation
design and dose optimization are essential to
maximize therapeutic benefit while ensuring long-
term biocompatibility.

3.2. Herbal Bioactives

Turmeric)

Herbal bioactive compounds offer a more
biologically harmonized strategy for enhancing
wound healing, combining anti-inflammatory,
antioxidant, and regenerative properties with
comparatively lower cytotoxic risk than metallic
agents. Among these, Centella asiatica has been
extensively studied for its therapeutic potential in
skin repair. It contains bioactive triterpenoids such as
asiaticoside, madecassoside, asiatic acid, and
madecassic acid, which stimulate fibroblast

(Centella asiatica and
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proliferation and enhance collagen type | production.
These compounds influence key molecular
pathways, particularly the transforming growth
factor-B (TGF-B)/Smad signaling cascade, thereby
promoting structured collagen deposition and
balanced extracellular matrix remodeling. In
addition, Centella asiatica reduces the expression of
pro-inflammatory cytokines and oxidative stress
markers, helping to prevent excessive fibroblast
activation and limiting the development of
hypertrophic or fibrotic scars (Arribas-Lépez et al.,
2022). Similarly, turmeric (Curcuma longa) contains
curcumin, a well-known polyphenolic compound
recognized for its strong antioxidant and anti-
inflammatory effects. Curcumin suppresses nuclear
factor-kB (NF-kB) signaling and downregulates

Int J Pharm Biol Sci.

inflammatory mediators such as TNF-a, IL-18, and IL-
6. It also neutralizes reactive oxygen species and
modulates pathways associated with cell migration,
proliferation, and collagen organization, thereby
supporting orderly tissue regeneration and reducing
abnormal fibrosis (Witkowska et al., 2024). Unlike
metallic nanoparticles, which primarily exert
antimicrobial effects through direct membrane
disruption and oxidative stress induction, herbal
bioactives function mainly by regulating intracellular
signaling pathways. This mode of action aligns more
closely with physiological healing processes, allowing
controlled inflammation, improved matrix
remodeling, and effective scar minimization without
introducing significant cytotoxicity risks.

Table 2: Comparative evaluation of mineral-based, metallic, and herbal bioactive fillers in wound healing

applications.
Mineral-Based . . . . .
Parameters . . Metallic Agents Bioactive Herbal Bioactives
Bioactive
Silicates, clay minerals, . . .
. ¥ Metal ions (Ag*, Zn?*, Cu®*), Flavonoids, terpenoids,
.. calcium salts, phosphate . . . .
Composition . . metal and metal oxide phenolics, alkaloids, saponins,
compounds, bioactive .
nanoparticles plant extracts
glasses
. Structural support and Antimicrobial activity and Multi-target biochemical
Primary Mode of . . PP . . . . y .g . .
Action ion-mediated biological signaling modulation of inflammation

stimulation

Antimicrobial

. . Low to moderate
Activity

Effect on Fibroblast
Activity

Supports proliferation
and migration
Indirect influence
through scaffold
organization

Collagen
Deposition Control

modulation

High (membrane
disruption, biofilm
inhibition)

Stimulates proliferation
(dose-dependent)

Indirect (via inflammation
control)

and fibrosis

Moderate (phytochemical-
dependent)

Regulates proliferation and
collagen synthesis

Direct modulation of TGF-
B/Smad pathway; regulates
Type I/1ll collagen ratio

Moderate to high (dose-

Cytotoxicity Risk Low dependent oxidative Low (generally biocompatible)
stress)
3.4 Comparative Healing, Antibacterial, and formation. Herbal bioactives, including Centella

Biocompatibility Effects

Comparative analyses of mineral-based, metallic,
and herbal fillers reveal distinct yet complementary
therapeutic profiles. Metallic agents such as AgNPs
and ZnO exhibit the strongest direct antimicrobial
activity, making them highly effective in infection-

prone  wounds. However, their Dbiological
performance is dose-sensitive, and excessive
concentrations may compromise cell viability.

Mineral fillers such as B-TCP and hydroxyapatite
primarily contribute structural reinforcement and
bioactive ion release. Their ability to stimulate
angiogenesis and fibroblast regulation supports
organized ECM deposition and balanced scar

asiatica and curcumin, provide anti-inflammatory
and antioxidant modulation that enhances tissue
regeneration while minimizing fibrotic responses.
These agents often demonstrate superior
cytocompatibility compared to high-dose metallic
nanoparticles. Emerging evidence suggests that
synergistic combinations of mineral fillers, metallic
nanoparticles (at optimized concentrations), and
herbal bioactives can significantly enhance wound
closure rates, reduce infection risk, and promote
controlled scar remodeling (Valencia-Gémez et al.,
2023). Carefully balanced composite systems thus
represent the most promising strategy for
multifunctional wound management platforms.
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4. CONCLUSION

This review comprehensively evaluates the
comparative advantages of biopolymer-based
wound dressings over conventional passive

materials, underscoring their evolving role in active
wound management. Unlike traditional dressings
that primarily function as protective barriers,
advanced biopolymer composites provide structural
support, biological signaling, and multifunctional
therapeutic effects that directly contribute to
accelerated superficial wound healing and scar
modulation. Natural polymer systems, particularly
collagen-based matrices, offer biomimetic
architecture that facilitates cell adhesion, migration,
and extracellular matrix (ECM) organization. Their
structural similarity to native tissue enhances
fibroblast proliferation and promotes organized
tissue regeneration. The incorporation of mineral
fillers such as p-tricalcium phosphate further
strengthens these systems by improving mechanical
stability and enabling controlled calcium ion release.
These ionic dissolution products actively participate
in cellular signaling pathways associated with
angiogenesis, fibroblast regulation, and collagen
deposition, thereby contributing to improved tensile
strength and balanced ECM remodeling. Compared
to conventional passive dressings, such composite
platforms demonstrate significantly enhanced
potential in accelerating wound closure, minimizing
excessive fibrosis, and supporting functional tissue
restoration. Furthermore, the integration of herbal
bioactives, particularly Centella asiatica, introduces
an additional layer of biological modulation. The
triterpenoid-rich  phytoconstituents of Centella
asiatica have been shown to stimulate collagen
synthesis, regulate inflammatory cascades, and
promote angiogenesis, collectively contributing to
improved scar  architecture and reduced
hypertrophic responses. This  multifunctional
approach aligns with the emerging paradigm shift
toward bioactive wound care systems that not only
protect but actively guide the healing process.
Despite these promising developments, several
research gaps remain. Optimization of composite
formulations including polymer ratios, crosslinking
density, and filler concentration requires systematic
investigation to achieve reproducible and clinically
translatable outcomes. Long-term in vivo safety data,
standardized methodologies for evaluating scar
reduction, and controlled release kinetics of herbal
bioactives remain insufficiently explored.
Additionally, limited clinical validation studies
currently restrict the widespread adoption of these
advanced materials in routine medical practice.
Overall, composite, herbal-loaded biopolymer
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wound patches represent a rational and forward-
looking strategy for next-generation wound care. By
integrating structural reinforcement, controlled
biodegradation, antimicrobial protection, and
biologically active signaling within a single platform,
these systems offer significant potential for
improving superficial wound healing outcomes while
minimizing scar formation. Continued
interdisciplinary research and rigorous clinical
evaluation will be essential to translate these
promising laboratory findings into effective and
accessible therapeutic solutions.
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