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Abstract: Biopolymer hydrogel-based nanocomposites functionalized with natural products have emerged as advanced therapeutic
platforms for next-generation wound dressings, addressing the multifactorial challenges associated with acute and chronic wounds. By
integrating biocompatible hydrogel scaffolds with natural product-derived bioactives and nanoparticle-enabled delivery systems, these
multifunctional constructs provide a moist wound microenvironment, promote gas exchange, regulate exudates, and support cellular
adhesion, proliferation, and tissue regeneration. This review critically examines recent advances in the design, fabrication, and
functionalization of biopolymer hydrogels with natural product-based nanoparticles, highlighting their synergistic roles in enhancing
antimicrobial efficacy, antioxidant defense, anti-inflammatory responses, angiogenesis, and controlled drug release. Key structure—
property—function relationships are discussed, with emphasis on hydrogel composition, crosslinking strategies, physicomechanical
performance, and release kinetics in relation to wound healing outcomes. Furthermore, emerging technologies such as bioinspired
nanocomposites, smart and stimuli-responsive hydrogels, and advanced fabrication approaches are evaluated. Importantly, translational
considerations including scalability, sterilization, batch-to-batch consistency, regulatory pathways, and available preclinical and
clinical evidence are addressed to bridge laboratory research with clinical implementation. Collectively, this review underscores
natural product-functionalized biopolymer hydrogel nanocomposites as a promising, sustainable, and patient-centric strategy for
therapeutic wound care and translational drug design and development.

Keywords: biopolymer hydrogels, nanocomposite wound dressings, natural products, nanoparticle-based drug delivery, antimicrobial
and antioxidant therapy, chronic wound healing, translational biomaterials, controlled release systems

Introduction

Wound healing is a vital biological process that restores the skin and underlying tissues, ensuring survival as a natural
response to damage.' It occurs through four continuous and overlapping phases, namely hemostasis, inflammation,
proliferation, and remodeling. Wounds can be broadly categorized as acute or chronic wounds.' Acute wounds typically
result from incidents like surgical incisions, bites, deep lacerations, or abrasions. They usually heal in an orderly,

predictable manner within a relatively short time, generally 8 to 12 weeks,’ supported by low bacterial load, intact
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matrix, and high cellular activity.* On the other hand, in contrast, chronic wounds fail to heal properly, often persisting
for months or years or recurring frequently.”® Injuries, like diabetic foot ulcers (DFUs), venous leg ulcers, pressure
ulcers, burn wounds, and necrotic wounds, are considered a significant global health challenge, causing pain, reduced
mobility, infection risks, and significant healthcare burdens.” Accordingly, this review will target the nanocomposite
biopolymer hydrogel-based wound dressings to impede wound-related health risks.

The effectiveness of wound healing can be impaired by multiple factors such as infection and biofilm formation,®
prolonged inflammation,’ oxidative stress,® impaired cell and stem cell functions,’ insufficient growth factors or

% and excessive scar formation.” By

angiogenesis,lo tissue necrosis, presence of foreign material,>!! comorbidities,’'
considering these complex pathological conditions, it is essential to focus on advanced wound dressings for acquiring
both physical support and active biological intervention. Wound dressings have evolved significantly since the 19™
century, with modern occlusive types emerging in the late 20th century.'* The primary goal of wound management is to
facilitate rapid healing, minimize patient discomfort, and reduce scarring.'* Wound dressings are crucial in achieving
this, acting as external variables in wound repair.'”> The appropriate selection of a dressing is very important and depends
on factors such as the type, depth, location, extent, amount of discharge of the wound, presence of infection, and wound
adhesion.'® An ideal wound dressing should allow oxygen transmission, maintain a moist environment, manage exudates,
protect against infection, provide mechanical protection, be biocompatible and non-toxic, conform to wound shape,
minimize pain, promote hemostasis, and potentially deliver therapeutic agents to enhance repair.!” '

Traditional wound care with gauze and bandages mainly offered protection and absorption but often caused pain,
secondary trauma, and failed to provide a moist environment for healing.?® In contrast, modern wound dressings, such as
hydrogels, films, foams, and hydrocolloids, are designed to overcome these limitations by maintaining moisture,

regulating temperature, removing exudates, protecting from infection, permitting oxygen exchange, and reducing trauma
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during changes.”' Hydrogels, in particular, are promising due to their capacity to hold large amounts of water, mimic
native tissue, allow gas exchange, absorb exudates, and facilitate cell migration and proliferation and their capacity for
targeted drug delivery, making them attractive platforms for advanced wound care applications.'?

In order to address the multifactorial behavior of chronic wounds, recent advancements have focused on natural product-
derived nanocomposite biopolymer hydrogels. Natural bioactive ingredients, along with their biocompatibility and functional

versatility, exhibited antimicrobial, antioxidant, anti-inflammatory, and regenerative properties**>*

that are highly relevant to
wound healing. Moreover, the integration of natural bioactives into nanoparticles and their subsequent incorporation into
biopolymeric hydrogel matrices facilitate physical stability, drug release, and improved wound healing in next-generation
hydrogel formulations.** Biopolymer hydrogels stand out for creating optimal healing environments, enabling drug delivery,
and offering smart monitoring, making them a promising solution for personalized wound care solutions in the future.?>~°
Despite these advances, a universal wound dressing that can be readily applied to all wounds does not yet exist and remains
challenging.®” Furthermore, to enable the successful clinical adaptation, the key translational hurdles, such as scalability,
batch-to-batch consistency, and regulatory consideration, should be addressed appropriately.”®>°

Accordingly, this review provides a comprehensive and critical appraisal of biopolymer hydrogel-based nanocomposites
functionalized with natural products as advanced wound dressing platforms, with a particular emphasis on their design rationale,
biofunctional mechanisms, and translational relevance. Integrating current evidence on extracellular matrix—-mimicking biopo-
lymer hydrogels, natural product-derived bioactives, and nanoparticle-enabled delivery systems, the review elucidates how their
synergistic interactions govern antimicrobial, antioxidant, anti-inflammatory, angiogenic, and regenerative responses during
wound healing. Key structure—property—function relationships influencing physicomechanical performance, release kinetics, and
therapeutic efficacy are critically examined. In parallel, emerging strategies including smart and stimuli-responsive hydrogels,
bioinspired nanocomposites, multicellular approaches, and advanced fabrication technologies such as 3D/4D printing are
discussed to underscore their growing relevance in next-generation wound dressings. Furthermore, aspects related to character-
ization and evaluation, therapeutic performance, preclinical and clinical evidence, translational challenges, and future perspec-
tives are addressed to bridge laboratory innovation with real-world therapeutic wound care, ultimately providing a roadmap for

the rational development of multifunctional, patient-centric, and clinically translatable wound dressing systems.

Biopolymer Hydrogels: Foundations and Applications
Types of Biopolymer Hydrogels: Natural and Synthetic

Hydrogels are three-dimensional cross-linked polymeric networks that can absorb and retain significant amounts of
water, typically containing 70-90% water. This high-water content allows them to develop a moist environment that is
crucial for wound healing, stimulating cell proliferation, angiogenesis, and collagen synthesis, while preventing dehy-
dration and eschar formation.*® Their porous structure also facilitates oxygen transfer, enabling tissue to breathe, and they
can act as a protective barrier against infections.'*'> Hydrogels are classified on the basis of incorporated polymeric
nature, natural and synthetic polymers.*’

Natural Biopolymer Hydrogels

Natural hydrogels, also known as biopolymer hydrogels, are derived from living organisms such as plants, animals,
fungi, bacteria, and algae.**> These materials are preferred for biomedical applications due to their inherent beneficial
properties.®® Furthermore, Figure 1 demonstrated some frequently employed natural polymers for hydrogel synthesis.
Ordinarily employed natural or biopolymers in hydrogels are enlisted in Table 1. Natural biopolymer hydrogels are
inherently biocompatible, non-toxic, and biodegradable, mimicking the ECM of the native tissue. Many possess intrinsic
biological activity that enhances tissue-biomaterial interaction, promoting cell adhesion, spreading, and differentiation.**
They are often renewable and easily accessible. Natural biopolymer hydrogels have low antigenicity and generally
trigger reduced immune responses."*

Nonetheless, they often have poor mechanical strength and stability, limiting their use in load-bearing applications or
for preventing secondary damage. It is often challenging to control degradation rates.'” Natural biopolymer hydrogels
exhibit high variability due to arduous isolation procedures from variable sources,?’ and they may also exhibit issues like
adherence, opacity, and lack of multifunctionality.'®> They can also be prone to microbial contamination.*’

Drug Design, Development and Therapy 2026:20 https: 3
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Figure | lllustrating major categories of commonly employed biopolymers for hydrogel synthesis, majorly including protein- and polysaccharide-based biopolymers.

Synthetic Polymer Hydrogels
Synthetic hydrogels are chemically modified in laboratories, offering controlled and reproducible properties.*’
Commonly used synthetic polymers in hydrogels are enlisted in Table 2. Moreover, Figure 2 represents chemical
structures of frequently utilized synthetic polymers in hydrogel synthesis. The chemistry and structure of synthetic
hydrogels can be easily controlled, allowing for tailored properties, controlled degradation rates, and industrial-scale
reproducibility. They often possess good physical strength, water retention ability, and exudate absorption capacity® and
can be developed with superior transparency.'’

Nevertheless, they typically lack inherent cell adhesion sites and biological functions, often requiring chemical
modifications. Their accumulation in tissues can potentially cause toxic effects or inflammatory reactions.?” Synthetic
hydrogels may have structures very different from the ECM. Additionally, they can sometimes be more expensive to use.'*

Role of Hydrogel Dressings in Wound Care

Hydrogel dressings play a critical role in modern wound management by providing an optimal environment for healing.
They are designed to absorb wound exudates while maintaining a moist wound bed, which is essential for autolytic
debridement and preventing scar formation. The porous structure allows for gas exchange, facilitating tissue breathing
and promoting cell migration and epithelization. Many hydrogels offer a soothing or cooling effect and low adhesion to
the wound tissue, minimizing pain and trauma during dressing changes.'”

Beyond passive protection, advanced hydrogels are engineered to actively participate in the healing process. They can
be formulated to deliver therapeutic agents by acting as carriers for antibiotics, growth factors, stem cells, anti-
inflammatory agents, or natural compounds to accelerate and improve wound repair,* manage exudates and infection
by effectively removing excess exudates, protection against microbial invasion and inhibit bacterial growth,'” provide
mechanical and bio-recognition support by mimicking the ECM, offering a scaffold for tissue regeneration and
promoting cell adhesion, migration and proliferation,*’ and smart hydrogels can be designed to respond to changes in
the wound microenvironment (eg, pH and temperature) for on-demand drug release or to monitor healing progress.'’

Key Properties of Biopolymer Hydrogels for Wound Care
Biopolymer hydrogels possess a range of key properties that make them highly advantageous for wound care, particularly
in facilitating the complex process of wound healing.! They are comprised of cross-linked polymer networks that form
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Table | Comparative Assessment of Biopolymers: Sources, Key Features, Clinical Implications, and Challenges in VWound Healing

Polymer Biopolymer Source Key Features Clinical Relevance in Challenges & Limitations | References
Category Wound Healing
Protein Collagen Mammalian ECM; abundant | High mechanical strength, elasticity, Attracts fibroblasts and Limited mechanical [34]
in skin, bone, tendon; biocompatibility, biodegradability, cell keratinocytes, promotes properties and stability in
sources: bovine, porcine, recognition properties angiogenesis and re- hydrogel form
marine epithelialization; supports all
wound healing stages
Gelatin Partially hydrolyzed form of | Retains the bioactivity of collagen, lower Shows adequate swelling Poor mechanical strength [35,36]
collagen antigenicity, higher degradability, less properties and good and stability in hydrogel form
expensive antimicrobial character when
combined with silver
nanoparticles
Fibrin Mammalian blood Fibrin-based gels can be formed by Necessary for hemostasis, cell | Susceptible to enzymatic [32,37]
activating fibrinogenesis and their infiltration and establishing breakdown, resulting in rapid
properties can be manipulated by varying a gradient of chemotactic degradation
fibrinogen concentration proteins for wound healing
Silk Fibroin Silkworms Biocompatibility, biodegradability, excellent | Exhibits hemostatic qualities, Insufficient intrinsic [15,38]
oxygen and moisture permeability low inflammation and oxygen/ | mechanical strength in
water vapor permeability hydrogel form
Elastin Mammalian ECM Provides strength and elasticity, making it Restores skin elasticity and Poor water solubility and [31,39]
promising for tissue engineering mechanical function, promotes | difficult processing into
angiogenesis hydrogels
Keratin Hair, wool and feathers Biocompatibility, biodegradability, high Displays antibacterial Poor water solubility and [17]
cysteine content, cell adhesive properties properties difficult processing into
hydrogels
(Continued)
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Table | (Continued).

Polymer Biopolymer Source Key Features Clinical Relevance in Challenges & Limitations | References
Category Wound Healing
Polysaccharides | Alginate Brown marine algae Forms a hydrophilic gel upon contact with | Lowers bacterial infection risk. | Poor mechanical strength [40]
wound exudates, leading to high Calcium ions in alginate and structural integrity
absorption capacity and restricting wound | activates platelets, promoting
secretions hemostasis
Chitosan A natural co-polymer Highly versatile, can be chemically Antibacterial properties, pH dependence limits [41,42]
derived from chitin modified, biodegradability hemostatic potential and anti- | solubility
inflammatory action
Hyaluronic Acid Mammalian ECM Biocompatible, can be chemically modified | Stimulates angiogenesis, Poor mechanical strength [43,44]
to tune its properties for biomedical promotes proliferation and and rapid degradation
applications. migration of keratinocytes and
fibroblasts and regulates
inflammation
Cellulose and its Plant sources (wood, Naturally occurring polysaccharides (eg, Accelerates re- Batch variability and source [43,45]
derivatives cotton), algal sources bacterial cellulose) have high tensile epithelialization, reduces pain | dependence
(seaweed), bacterial sources | strength, elasticity, known for maintaining | and prevents infection
(Acetobacter xylinum and moisture, oxygen exchange, exudate
related bacteria) adsorption
Pectin Apples, citrus peels (lemons, | Used in hydrocolloid dressings Antimicrobial properties Limited cell adhesion and [18,46]
oranges, limes), carrots, and bioactivity
sugar beets
Agarose Seaweeds Has thermo-reversive properties and Drug and growth factor Limited moisture absorption | [47]
better mechanical strength delivery compared to other
polysaccharides
Dextran Lactic acid bacteria Used in chronic wound dressings and can | Anti-inflammatory and Rapid degradation in [15,41]
be part of composite hydrogels hemostatic properties physiological conditions
Glycosaminoglycans | Mammalian ECM Highly hydrophilic and water retentive, Plays key structural and Potential immunogenicity and | [31,48]

biocompatibility, biodegradability

regulatory roles in wound
healing

contamination risks
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Table 2 Comparative Summary of Key Features and Limitations of Commonly Employed Synthetic Polymers in Hydrogels

Synthetic Polymer Key Features Limitations References
Polyethylene Glycol (PEG) | Water-soluble, biocompatible and resistant to Lack of protein adsorption and cell adhesion [47,51]
protein adhesion, durable
Polyvinyl Alcohol (PVA) Hydrophilic, good solubility and excellent Pure PVA hydrogels lack hemostatic and [41]
mechanical properties, biodegradable, antibacterial effects, elasticity and hydrophilicity
biocompatible and low toxicity
Poly (lactic acid) (PLA) Biodegradable polyesters, often used as Brittleness and poor mechanical flexibility [30]
and Polyglycolic Acid copolymers (PLGA), can be manipulated into
(PGA) desirable shapes and sizes with controllable
degradation rates and mechanical properties
Polycaprolactone (PCL) Hydrophobic, semi-crystalline, can be blended or | Hydrophobic nature and poor water absorption | [30,52]
copolymerized to improve mechanical properties
Polyvinylpyrrolidone Water-soluble, a linear polymer that can interact | Rapid swelling and poor stability [19]
(PVP) with various other polymers
Polyacrylamide (PAAm) Can be used as a secondary network in hydrogels | Cytotoxicity of residual acrylamide monomer [47,53]
to enhance mechanical strength poses significant safety concerns if not
completely removed during hydrogel
preparation
Polyurethane (PU) Used in wound dressings for its good barrier Depending on chemical composition, PU may [40,54]
properties and oxygen permeability degrade too slowly (persistent in tissue) or too
fast (losing mechanical support prematurely

a three-dimensional structure. This structure allows them to swell and retain significant volumes of water or other
aqueous fluids, often up to thousands of times their dry weight.' This high water content is essential for preserving
a moist wound environment, which promotes epithelialization, prevents scab formation, and ensures a consistent supply
of growth factors and other molecules essential for healing. The visual inspection of the wounds is facilitated by the
transparency of many hydrogels without removing the dressing.*’

Biopolymers are naturally derived from sources such as plants, animals, or microbes. They are highly favored due to
their inherent biocompatibility, low immunogenicity, and non-toxicity.”> Their degradation products are typically non-
harmful and can be metabolized by the body.’® This minimizes adverse reactions and improves biocompatibility with
various tissues.”’ They are naturally degradable into non-toxic substances, eliminating the need for surgical removal after
treatment.”® The degradation rate can often be tailored to match the rate of tissue regeneration.”’

Another primary benefit of biopolymer-based hydrogels is their ability to mimic the native ECM, providing a supportive
scaffold for cell adhesion, migration, proliferation, and differentiation. This accelerates the healing process, especially in
chronic wounds where cell functions might be impaired.! Biopolymer hydrogels can effectively absorb excess wound
exudates while preventing dehydration of the wound bed. This helps to prevent tissue maceration and removes cell debris.?’
They can be designed to be soft, flexible, and elastic, allowing them to conform to the contours of irregular-shaped
wounds.”” This ensures better contact with the wound bed and maximizes therapeutic effects. Their mechanical strength can
also be tailored to match the surrounding tissue, which is important for promoting integration and functionality.'

Biopolymer hydrogels are excellent carriers for encapsulating and delivering bioactive agents such as growth factors,
antimicrobial agents, anti-inflammatory drugs, and cells. They can release these agents in a controlled and sustained manner,
enhancing therapeutic outcomes and minimizing complications by mitigating infection, reducing inflammation, and stimulat-
ing angiogenesis.' This also reduces the need for frequent dressing changes.’” Many biopolymer hydrogels possess intrinsic
properties or can be loaded with agents that reduce inflammation. This is particularly beneficial for chronic wounds, which
often exhibit prolonged inflammatory phases. Mechanisms include scavenging excessive ROS and promoting polarization of

Drug Design, Development and Therapy 2026:20 https: 7



Ranatunga et al

Q
G n

s Polyvinyl alcohol (PVA)

OH

Q
n
Polyethylene glycol (PEG) u
HO (@)
x b 4
0]

Q
o]
)J\ Polylactic-co-glycolic acid (PLGA)
/\N NH 0O
H

2

Polyurethane (PU) Q\O
Q
o /
/{/0\/\/\ Poly(N: -vinylpyn‘ogdone) (PVP)

n

Poly(e-caprolactone) (PCL)
Q

Figure 2 Chemical structures of commonly applied synthetic polymers in hydrogel formulation.

macrophages from pro-inflammatory (M1) to anti-inflammatory (M2) phenotypes.'® Some natural biopolymers, like chitosan,
have inherent antibacterial, bacteriostatic, and anti-biofilm properties.’® Hydrogels can also be combined with antimicrobial
agents or nanoparticles to prevent and treat wound infections, which are a major impediment to healing.* Certain biopolymers,
such as chitosan and alginate, are known for their hemostatic capabilities, promoting blood clotting to stop bleeding.' They can
also promote angiogenesis, which is crucial for delivering oxygen and nutrients to the wound site and accelerating tissue
regeneration.’® Smart hydrogels can possess self-healing capabilities, meaning they can restore their structural and functional
integrity after damage. This is due to reversible dynamic linkages within their network, making them more durable and
effective for long-term applications.”® Hydrogels are soft and flexible, minimizing pain and discomfort during application and
dressing changes.>® Sprayable forms offer convenient, quick, and large-scale application, particularly beneficial for irregular-
shaped wounds like burns.'” They can modulate various biological functions that are important for tissue proliferation and
differentiation.>® This is achieved by providing the necessary biophysical and biochemical conditions for optimal cellular
behavior." Collectively, these biological and physicochemical attributes establish a foundational rationale for hydrogel-based
wound dressings and highlight their subsequent functionalization with bioactives and nanoparticles, explored in the following

segments.
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Biocompatibility and Bioactivity of Biopolymer Hydrogels

Biopolymer hydrogels are increasingly recognized as optimal wound dressings due to their biocompatibility and
bioactivity, which promote an accelerated and more efficient healing process.'” They are well tolerated by the body
without eliciting adverse reactions, and their biodegradability allows them to naturally break down over time.'” Many
natural polymers, such as chitosan, cellulose, alginate, and hyaluronic acid, are suitable for prolonged use,*” as confirmed
by the cytocompatibility of various hydrogel composites in cell line studies such as NIH/3T3, HEK-293, and RAW264.7
cells.'™®® Their high elasticity and structure resemble the native ECM, providing a suitable environment for cell
proliferation and tissue regeneration.'” However, their low adherence to tissue reduces discomfort and prevents
secondary injury upon removal.*’

Beyond being inert physical barriers, biopolymer hydrogels actively contribute to the wound healing process by
maintaining a moist wound environment and promoting oxygen transfer to the tissue, thereby facilitating rapid healing
and reduced scar formation. They can absorb excess wound exudates, restricting secretions and lowering the risk of
bacterial infection. Many biopolymers, especially chitosan, possess intrinsic antibacterial, antiviral, and antifungal
properties. A strong antimicrobial activity has been shown by chitosan-based hydrogels against common wound-
infecting bacteria, ie, Staphylococcus aureus and Escherichia coli. This property is enhanced when combined with
nanoparticles, such as silver or zinc oxide.*’

Hydrogels promote cell migration, proliferation and epithelialization.*' Collagen and gelatin hydrogels provide
structural support, stimulate growth factor release, and promote collagen deposition for tissue remodeling, while
hyaluronic acid enhances angiogenesis and tissue regeneration.”® Moreover, hydrogels can incorporate various bioactive
agents such as growth factors (eg, EGF, bFGF, and VEGF), stem cells, and platelet-rich plasma to further enhance
healing by stimulating cell proliferation, differentiation, and neovascularization.”’ Hydrogels containing active com-
pounds like curcumin, a-lipoic acid, exhibit inflammatory and antioxidant properties, which are vital for chronic wound
healing, especially in diabetic patients.*'

Hemostatic activity represents another important biofunctional attribute of biopolymer hydrogels. Alginate dressings, derived
from brown seaweed, are particularly effective in blood clotting due to their calcium component, while hydrogels incorporating
components like cellulose nanofibers and gelatin also demonstrate good hemostatic properties.®’ Additionally, hydrogels are
excellent drug carriers, allowing for the controlled and sustained release of therapeutic agents, such as antibiotics, growth factors,
or anti-inflammatory drugs, directly to the wound site. For example, a hydrogel containing curcumin encapsulated in micelles has
been shown to improve cutaneous wound healing.®> Some advanced hydrogels are designed with self-healing capabilities,
enabling them to repair minor damage to the dressing and maintain wound protection.*’ Some hydrogels are designed to be pH-
responsive, which can be beneficial as pH changes are often indicative of wound infection or progression.'* Overall, the
biocompatibility, non-toxicity, and diverse bioactive properties of biopolymer hydrogels make them highly promising materials

for advanced wound care and treatment.™

Natural Products in Wound Healing: A Bioactive Resource

Overview of Natural Products with Wound Healing Potential

Natural products from diverse sources, including plants, animals, and fungi, hold significant potential for wound
healing.®> These products have been utilized for centuries in traditional medicine due to their inherent bioactive
properties.® The process of wound healing is complex, involving distinct, yet overlapping, phases: hemostasis,

inflammation, proliferation, and remodeling.®®

Natural products contribute to various aspects of this process, with their
effects often being dose-dependent, related to the nature of wounded tissue and application time.%* Natural products with
wound-healing potential are listed in Table 3.

The use of natural products in wound care offers several advantages, including ease of access, relatively low cost, and
generally limited side effects compared to synthetic drugs. However, there are limitations such as poor water solubility,
leading to issues with stability and bioavailability (eg, myricetin, curcumin, quercetin, and gallic acid).®> Some natural
products also show toxicity at higher concentrations or under specific conditions (eg, aloe-emodin, comfrey extract,

certain honey types, and high concentrations of Ganoderma lucidum polysaccharide).®*

Drug Design, Development and Therapy 2026:20 https: 9
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Table 3 Natural Products and Their Key Properties Presenting to Wound Healing

Natural Source Example Key Properties Beneficial in Wound References
Product Healing
Saponins Medicinal plants Ginsenoside Rbl, Astragaloside | Accelerates epithelialization, promotes [66]
IV, Asiaticoside (from Centella neovascularization, enhances fibroblast
asiatica) and Lupeol proliferation and stimulates collagen synthesis
Polyphenols & Fruits, vegetables and Curcumin Anti-inflammatory, antioxidant and antibacterial [65,67,68]
Flavonoids medicinal plants (from turmeric) effects, promoting granulation tissue formation
and collagen deposition
Oleuropein Significant anti-inflammatory and antioxidant
(from olive plants) properties, shortening wound closure time
Gallic Acid Stimulates cell migration and upregulates
antioxidant genes
Quercetin Strong antioxidant and anti-inflammatory agent,
enhancing fibroblast proliferation, vessel
formation and collagen deposition
Apigenin Promotes angiogenesis and faster re-
epithelialization
Myricetin Influences inflammatory cytokines and shows
antioxidant activity
Resveratrol Protects against oxidative stress, speeds healing
and reduces inflammation
Naringenin Displays anti-inflammatory and antioxidant
effects, increasing wound contraction
Anthraquinones | Aloe vera Aloin and Aloe-Emodin Protect skin, inhibit ROS and exhibit [69,70]
antibacterial properties
Tree stem of Dracaena | Resina Draconis Antithrombotic, antioxidant and antiseptic
cochinchinensis actions
Polysaccharides | Bletilla striata and Bletilla striata polysaccharide Promote endothelial cell proliferation, regulate [69]
Astragalus and Astragalus polysaccharides macrophages and improve microcirculation to
accelerate healing
Honey Nectar of flowering Manuka honey Antioxidant, anti-inflammatory and antibacterial | [71]
plants properties, promoting angiogenesis and reducing
pain
Chitosan Crustacean shells Biocompatible, biodegradable, non-toxic and [72]
offers antibacterial and hemostatic qualities
Snail Mucins Natural mucous Promotes wound healing and exhibits resistance | [73]
secretions of snails to infection
Rosemary Rosmarinus officinalis Possess high healing properties and contribute [74,75]
to the action of vitamins A and E
Clove Syzygium aromaticum Possess high healing properties and contribute [76]
action of vitamins A and E
(Continued)
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Table 3 (Continued).

Natural Source Example Key Properties Beneficial in Wound References
Product Healing
Mediterranean plants like Thymus Antioxidant activity [77]

mastichina, Cistus ladanifer, Calendula
arvensis, Helichrysum italicum and

Lavandula stoechas

Recent advancements in nanotechnology are addressing many of these limitations. Nanomaterials, such as electrospun
nanofibers, green-synthesized metal nanoparticles (eg, AgNPs, gold, copper oxide, and titanium dioxide), nanoemulsions,
nanohydrogels, and nanoliposomes, can prominently increase the efficacy, bioavailability, stability, controlled release, and
permeability of natural compounds at the wound site. These advanced delivery systems, including composite dressings and
microneedles, are proving promising in improving wound healing, even for chronic wounds.*> Multiple fabrication strategies
for acquiring the plant-based natural product-derived nanoparticles have been reported from international research groups. In
2025, a study was conducted in South Asia that integrated the green synthesis techniques for designing the silver nanoparticles
and embedded them into a hydrogel matrix, thereby acquiring the effective wound healing characteristics.”® Similarly, the
significance of plant-derived nanoparticles in wound recovery was acknowledged by South African researchers.”” An East
Asia study also highlighted the therapeutic effectiveness of nanocomposite hydrogels via incorporating the bioactive-loaded
nanoparticles into hydrogel matrices.*® Collectively, international studies underscore the global relevance and therapeutic
significance of natural bioactive nanoparticles in hydrogel.

Future research should focus on standardizing protocols for measuring and evaluating wound healing to enable better
comparison of different natural products.®> Further pharmacological experiments and well-designed clinical trials are

necessary to fully confirm the safety and efficacy of these natural product-based formulations in clinical practice.®*®*

Mechanisms of Action of Natural Products in Wound Healing

Natural products contribute to wound healing through a multifaceted array of mechanisms, targeting the complex and
dynamic phases.® Figure 3 illustrates the sequential phases of wound recovery. These botanical and animal-derived agents,
often perceived to cause minimal unwanted side effects and be affordable, induce healing and tissue regeneration via
multiple interconnected processes.®***” One primary mechanism involves anti-inflammatory activity, where natural pro-
ducts reduce the duration of the inflammatory phase, which, if prolonged, can hinder healing and increase pain. They
achieve this by decreasing pro-inflammatory factors such as interleukin-1p (IL-1p), IL-6, tumor necrosis factor-alpha
(TNF-a)), monocyte chemoattractant protein-1 (MCP-1), interferon-gamma (INFy), nitric oxide, and prostaglandin E2
(PGE2), while simultaneously increasing anti-inflammatory factors like IL-10.°® They also modulate macrophage transition
from pro-inflammatory (M1) to anti-inflammatory (M2) phenotypes and inhibit key signaling pathways like NF-xB and
AP-1, blocking lipoxygenase activity and leukotriene B4 production and reducing inflammatory cell infiltration.

Antimicrobial activity is another critical mechanism, as infections significantly impede wound healing. Natural
products reduce bacterial load and prevent infection by inhibiting vital bacterial processes such as dihydrofolate
enzymes, nucleic acid synthesis, the ADP/ATP cycle, and efflux pumps.®* They can also disrupt bacterial cell mem-
branes, suppress protein synthesis, alter sulthydryl groups (eg, allicin) and create unfavorable environments like low pH
or high sugar concentrations (eg, honey).®**> Honey also produces antimicrobial compounds such as hydrogen peroxide
and methylglyoxal (Manuka honey).®*"*

Antioxidant activity is crucial for wound healing, as ROS must be balanced to prevent excessive inflammation and
impaired healing.®> Natural products maintain this redox balance by promoting Nrf2 pathways, inhibiting MAPK/NF-kB
and NADPH oxidase activity, and increasing antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), and heme oxygenase-1 (HO-1);** they also inhibit lipid peroxidation.®!
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Figure 3 The stages of wound healing illustrate the molecular-level activities involved in repairing the damaged tissue. [I] In hemostasis, immediately after injury platelet
aggregation facilitate to stop bleeding, [2] immune cells (neutrophils and macrophages), infiltrate the wound site to remove debris and pathogens, while epithelial cells begin
to migrate beneath the scab, [3] in proliferation, fibroblasts proliferate and deposit extracellular matrix, forming granulation tissue, and [4] during remodeling, regenerated
epidermis and formation of scar tissue help to restore structural integrity.

In the proliferative phase, natural products enhance tissue formation and remodeling by increasing collagen content and
synthesis, improving its cross-linking and deposition, and boosting the wound’s tensile strength.®® They also promote wound
contraction, reducing wound size, and can reduce scar formation and hyperplasia while promoting softening and absorption of
existing scars. Furthermore, they regulate matrix metalloproteinases and tissue inhibitors of metalloproteinases, which are
crucial for ECM degradation and remodeling and increase hydroxyproline content, a marker of collagen production.®*

Angiogenesis and neovascularization, the development of new blood vessels, are vital for granulation tissue to receive
adequate nutrients and oxygen.®”®' Natural products stimulate angiogenesis by promoting endothelial cell migration and
increasing the expression of key growth factors such as vascular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), and platelet-derived growth factor (PDGF).*? They also activate cellular pathways like ERK/CREB,
mTOR, and HIF-1."*

Natural products also exert effects through the modulation of cellular activity, specifically influencing fibroblasts and
keratinocytes, which are essential for tissue repair. They promote cell proliferation and enhance cell migration to the
wound site. Some natural products also possess analgesic properties, which can improve patient comfort and aid in
recovery.®” All these biological mechanisms highlight the influence of natural bioactives and nanoparticles in hydrogel
matrices to support wound recovery, as discussed in subsequent sections. Botanical sources that are providing these

12 https: Drug Design, Development and Therapy 2026:20



Ranatunga et al

aforementioned attributes to facilitate wound healing majorly include Azadirachta indica, Aloe vera, Chamomilla
recutita, Achillea millefolium, Centella asiatica, Polygonum cuspidatum, Angelica sinensis, Helianthus annuus,
Rosmarinus officinalis, curcumin, resveratrol, quercetin, tannins, honey, and bilirubin.®> *>*>*2 Figure 4 presented the

general mechanisms to treat inflammation and wound closure via natural product-mediated biological response.
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Figure 4 General mechanistic illustration of natural product-mediated regulation of wound healing. Wounds exhibit persistent pathogen entry, excessive inflammation, and oxidative
stress, which lead to impaired tissue repair. Moreover, pathogens enhance the production of reactive oxygen species (ROS), pro-inflammatory cytokines (TNF-a, IL-1p, IL-6), and matrix
metalloproteinases, followed by extracellular matrix degradation and vascular leakage (release neutrophils and macrophages). However, natural compounds facilitate the suppression of
NF-kB pathway signaling and counter the oxidative stress via reducing the ROS. This action assists in inhibiting pro-inflammatory mediators and macrophage modulation (M| phenotype
to the reparative M2 phenotype), enhancing the release of growth factors such as VEGF, PDGF, and TGF-B 1. Consequently, re-epithelialization and wound closure are supported by
improved angiogenesis, extracellular matrix preservation, fibroblast proliferation, and keratinocyte migration.

Abbreviation: ROS, Reactive oxygen species, NF-kB, Nuclear factor kappa B cells, TNF-o, Tumor necrosis factor alpha, IL-1p, Interleukin-| beta, IL-6, Interleukin-6, INOS,
Inducible nitric oxide synthase, MMPs, Matrix metalloproteinases, VEGF, Vascular endothelial growth factor, PDGF, Platelet-derived growth factor, TGF-BI, Transforming
growth factor beta |, M, Classically activated (pro-inflammatory) macrophages, M2, Alternatively activated (anti-inflammatory/reparative) macrophages.
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Nanotechnology further enhances the efficacy of natural products for wound healing by improving their bioavail-
ability, enabling controlled and sustained release of active compounds, and increasing their permeability into deeper skin
layers. This approach, utilizing nanomaterials in hydrogels, nanofibers, nanoemulsions, and nanoliposomes, allows for
a multi-phase directed tissue regeneration that precisely targets different stages of wound healing for better therapeutic
outcomes, particularly for chronic wounds.®*

Selection Criteria for Natural Bioactives in Hydrogel Functionalization

The selection criteria for natural bioactive compounds used in hydrogel functionalization for wound healing focus on
their proven biological activities, safety, and compatibility with advanced delivery systems. A primary consideration is
the mechanism of action of these natural products, as they need to effectively target the complex, interlinked phases of
wound healing.”* Compounds are chosen for their anti-inflammatory, antimicrobial, and antioxidant properties, which are
crucial for managing the initial stages of wound repair and preventing complications.®*%*"* For instance, natural
products can reduce pro-inflammatory factors like IL-1p, IL-6, and TNF-0, while increasing anti-inflammatory factors
such as IL-10. Their antimicrobial activity helps prevent infection by disrupting bacterial processes, and antioxidant
effects maintain redox balance by boosting enzymes like SOD and CAT.%*"*

Beyond these foundational bioactivities, selected natural products should also promote tissue regeneration during the
proliferative and remodeling phases, which includes enhancing cellular proliferation, collagen synthesis, and angiogen-
esis. This involves stimulating growth factors like VEGF, FGF, and PDGF and improving collagen deposition and wound
contraction, while ideally reducing scar formation.®*’* Safety and minimal side effects are significant criteria, as natural
products are often preferred for their perceived affordability and reduced adverse reactions compared to synthetic
drugs.®® However, scientific standardization, validation, and systematic safety evaluation are necessary, as some natural
compounds can exhibit toxicity at certain concentrations (eg, aloe-emodin, Ganoderma lucidum extracts, honey extract,
and comfrey extract).”” This necessitates careful determination of the right dosage and timely use.”*

The physical and chemical characteristics of natural compounds are also critical, especially when integrating them
into hydrogel systems. Many beneficial natural products suffer from poor water solubility (eg, myricetin, quercetin, gallic
acid, curcumin, and thymol), which limits their bioavailability and topical application.®**** Nanotechnology is a key
enabler in this regard, as it can enhance bioavailability, enable controlled and sustained release, and increase permeability
into deeper skin layers, thereby overcoming these limitations and allowing for a multi-phase directed tissue regeneration
approach. The choice of encapsulation method within hydrogels (eg, emulsion/gelation, conjugation, and soaking)
depends on the specific chemical interactions possible (eg, ionic bonding, hydrogen bonding, and hydrophobic interac-
tions). Furthermore, research emphasizes selecting compounds or extracts where their mechanisms of action are well
understood to facilitate matching them to specific wound healing phases. The potential for synergistic effects when
combining multiple natural bioactives in a single hydrogel system is also an important consideration for achieving
comprehensive wound healing outcomes.”

Nanoparticles Derived from Natural Products
Types of Natural Product-Based Nanoparticles

Natural product-based nanomedicines represent a significant advancement in wound healing, offering a promising
approach to overcome limitations of traditional therapies by enhancing drug delivery, bioavailability, and stability of
active compounds, particularly those with poor water solubility.'!***%% These nanostructures enable targeted and
controlled release of therapeutic agents to the wound site, thereby minimizing systemic side effects.” Various forms of
natural product-based nanoparticles are employed, often fabricated through advanced techniques like electrospinning.'
Figure 5 shows some of the major applications of nanoparticles in wound healing.

One prominent category is polymeric nanoparticles, which serve as nanocarriers composed of natural polymers such
as chitosan and alginates or synthetic polymers like poly(lactic-co-glycolic acid). These systems are designed to
encapsulate drugs and offer advantages such as controlled drug release, non-toxicity, and biocompatibility with target
tissues. For example, polymeric nanoparticles encapsulating enoxaparin have shown improvements in wound healing and
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Figure 5 Demonstrating the contribution of nanoparticles as a drug carrier in effective wound healing.

skin penetration. Similarly, those loaded with host defense peptides (LL37) have modulated inflammatory responses and
promoted granulation tissue formation, re-epithelialization, and collagen content. Antifungal agents like amphotericin B,
when encapsulated in silane-hydrogel nanoparticles, demonstrated high killing efficiency against Candida spp. and
inhibited fungal biofilm formation, accelerating wound healing.'' Figure 6 denotes the mechanisms by which polymeric
nanoparticles perform controlled and sustained drug release.

Lipid-based nanostructures constitute another major class, including nanoemulsions, liposomes, and solid lipid nanopar-
ticles (SLNs), and micelles. Nanoemulsions are capable of nano-sizing essential oils, which, upon application, form a film that
facilitates the penetration of lipophilic drugs into deeper skin layers, thereby improving their solubility.®* Noteworthy
examples include nanoemulsions formulated with licorice and lavender essential oils, which promote wound closure and
epithelialization, and curcumin nanoemulsions, which exhibit anti-inflammatory activity and healing effects comparable to
fusidic acid. Liposomes, formed from phospholipid bilayers, have been utilized to encapsulate daptomycin for antibacterial
action against biofilms and quercetin and curcumin nano-vesicles for inhibiting ROS and reducing edema, while stimulating
fibroblast proliferation. Curcumin-loaded liposomes have also demonstrated an improved rate of wound closure.'' Solid lipid
nanoparticles and nanostructured lipid carriers (NLCs) are also lipid-based systems;** for instance, morphine-loaded lipid
nanoparticles provide high drug loading capacity and sustained release, promoting re-epithelialization.'' Micelles, composed
of phospholipid unilayers,* specifically polymeric micelles loaded with curcumin, have shown anti-diabetic and wound-
healing benefits in diabetic rats by reducing blood glucose levels."!

Natural products can be incorporated to provide intrinsic therapeutic properties for sustained release.”* Examples
include cyclodextrin—eugenol hydrogels, which offer antimicrobial, anti-inflammatory, and angiogenesis-promoting
effects, and sacran hydrogels, known for their moisturizing abilities, anti-inflammatory activity, and acceleration of
wound closure.''"** Hydrogels loaded with compounds like berberine or betaine have demonstrated reduced inflamma-
tion and oxidative stress, alongside accelerated re-epithelialization.”

Another distinct type involves green-synthesized metal nanoparticles, where plant extracts are used to synthesize
nanoparticles, which are then incorporated into wound dressings. These plant-mediated biosynthesized nanoparticles,
such as silver, gold, and copper oxide nanoparticles, exhibit potent antibacterial and anti-inflammatory activities. They

also contribute to accelerated wound healing by enhancing cell proliferation, connective tissue formation, and re-
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Figure 6 Usually performed drug release mechanisms by polymeric nanoparticles. (A) In drug diffusion, bioactive molecules tend to diffuse into the surrounding medium
from the polymeric network, (B) showing the polymeric degradation that assist to release drug content, and (C) water influx in the polymeric network helps to swell the
network, which directly facilitates its erosion and release of drug molecules.

epithelialization. For instance, silver nanoparticles synthesized using Momordica charantia extract showed enhanced
antimicrobial activity and reduced cytotoxicity against fibroblasts.®?

Finally, electrospun nanofibers represent a significant delivery platform that often integrates the above-mentioned
nanoparticle types.” These nanoscale fine fibers, frequently derived from plant-based materials like cellulose, alginate,
and plant proteins, mimic the ECM, providing an ideal scaffold for cell adhesion, migration, and proliferation.'"
Electrospinning enables the direct encapsulation of active natural products, including flavonoids, polyphenols, and
various plant extracts, allowing for precise control over their release and effectively addressing challenges such as
poor water solubility and instability. These versatile nanofiber systems are transforming modern wound care by offering
enhanced therapeutic outcomes through their unique physical and chemical properties.” All these studies from multiple
regions illustrate the global significance of nanocomposite hydrogel matrices that not only exhibit the versatile biological
responses but also support their clinical potential in advanced wound healing.

From a comparative perspective, the strong anti-inflammatory and antibacterial behavior has been exhibited by metal
nanoparticles, which is mandatory to control microbial load in case of chronic wounds.*® However, in order to get
controlled drug release behavior, polymeric nanoparticles are more suitable, thereby prolonging the therapeutic effects.®
In lipid-based nanocarriers, better encapsulation and penetration abilities are achieved, while electrospun nanofibers
provide targeted delivery along with structural support.®® Overall, this comparison suggests the selection of nanoparticles
according to pathological condition and wound type to acquire effective responses.

16 https: Drug Design, Development and Therapy 2026:20



Ranatunga et al

Antibacterial, Anti-Inflammatory, and Healing Properties of Natural Nanoparticles
Antibacterial Properties

Many natural product-based nanomaterials exhibit unique antimicrobial properties, which are crucial for controlling
infection and preventing biofilm formation, common challenges in wound healing.'">*”%" Bacteria often produce
extracellular polymers that act as a shield, forming biofilms that inhibit epithelial cell growth and protect colonized
bacteria from antimicrobial therapies.'' Natural nanoparticles counteract this by mechanisms such as reactive oxygen
species (ROS) generation and membrane disruption.®**’

Specifically, AgNPs are widely studied for their potent antibacterial activity, especially when green-synthesized using
plant extracts.®® AgNPs prepared from Momordica charantia fruit extract, which showed enhanced antimicrobial activity
and reduced cytotoxicity, and those from Piper nigrum leaf extracts, which inhibited bacterial colonization.*> Curcumin-
loaded nanoemulsions and hydrogels have also demonstrated significant antimicrobial effects.'' Beyond metals, certain
plant-derived essential oils like tea tree oil, lavender oil, and cinnamon essential oil exhibit strong antimicrobial
properties.” Honey, a traditional medicinal product, prevents bacterial biofilm formation due to its acidic nature and

11,63

peroxidases, while chitosan, a polysaccharide, possesses natural antibacterial properties and can be incorporated into

nanofibers to enhance antimicrobial activity.”

Anti-Inflammatory Properties

Inflammatory diseases are characterized by dysregulated inflammatory reactions and oxidative stress, which traditional
therapies often fail to address without adverse effects. Natural product-based nanomedicines offer a solution by
possessing anti-inflammatory and antioxidant properties.** They achieve this by suppressing the production of pro-
inflammatory mediators like interleukin (IL)-1B, IL-6, tumor necrosis factor (TNF)-a, and nitric oxide (NO), while
enhancing anti-inflammatory cytokines such as IL-10.%

Curcumin-based nanostructures are notably potent in modulating the inflammatory phase, regulating levels of TNF-a,
IL-10, and transforming growth factor (TGF)-B1.°> Resveratrol-loaded nanoparticles have been shown to suppress
inflammatory responses by decreasing pro-inflammatory cytokines and increasing anti-inflammatory cytokines, promot-
ing macrophage differentiation towards an M2 (anti-inflammatory) phenotype.®* Quercetin, a flavonoid, also demon-
strates anti-inflammatory effects by inhibiting edema formation.'" Other flavonoids like naringenin, astragaloside IV,
chrysin, and puerarin are integrated into nanofibers to reduce inflammation and oxidative stress. Essential oils encapsu-
lated in nanofiber dressings provide anti-inflammatory benefits, as seen with peppermint extract in polyurethane
nanofibers for diabetic wounds.’

Healing Properties

Beyond managing infection and inflammation, natural product-based nanomedicines actively promote various aspects of
the wound healing cascade. They are designed to cure wounds without affecting normal skin function or causing scar
formation, while speeding up the healing mechanism and keeping the wound moisturized."!

These nanomedicines enhance the growth of fibroblasts and keratinocytes, which are vital for tissue repair and re-
epithelialization."' For example, asiaticoside from Centella asiatica extract accelerates tissue regeneration by promoting
skin fibroblast proliferation.” They promote the formation of new connective tissues and blood vessels (angiogenesis or
vascularization).*” Recombinant human EGF (thEGF)-loaded lipid nanoparticles, for instance, enhance wound closure
and stimulate new connective tissues and blood vessels.'' Similarly, chitosan and collagen are recognized for providing
mechanical support and acting as excellent healing scaffolds.”® Techniques like electrospinning, which produces
nanofiber dressings mimicking the extracellular matrix, support cell adhesion, migration, and proliferation, leading to
accelerated wound healing with reduced scar formation.” Nanotechnology significantly improves the delivery of natural
compounds by increasing their solubility, stability, and permeability to deeper skin layers.'' This controlled release
ensures that the therapeutic agents are available at the wound site over a sustained period, maximizing efficacy and
minimizing systemic side effects.®

Many plant-based nano-formulations, such as those incorporating curcumin, fenugreek, and tragacanth gum, have
shown remarkable activity in promoting collagen synthesis and fibroblast proliferation, leading to accelerated re-
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epithelialization.®? Aloe vera-loaded nanofiber scaffolds have demonstrated good cell compatibility and significant
antibacterial activity, making them effective for wound healing.** The combination of nanomaterials with traditional
products like honey also enhances their efficiency for targeted delivery and controlled release.'’

Overall, the integration of natural products with nanotechnology presents a powerful approach, offering multi-
functional therapeutic systems that can address various wound healing challenges simultaneously, making them the

future of pharmaceuticals in wound care and management.”'"-"*

Functionalization of Biopolymer Hydrogels with Natural Product

Nanoparticles

The association of biocompatibility and biodegradability attributes with biopolymers makes them an enticing option for
hydrogel fabrication.”' A versatile biopolymer, ie, bacterial cellulose,®’ chitosan,’? guar gum,”® alginate,’* gelatin, and
others, is incorporated effectively for hydrogel formation to expedite wound dressings.”® For wound dressings, hydrogels
are considered to be the auspicious contender because they facilitate the wound’s healing by sustaining the moist
microclimate at the injury site.”® Additionally, natural product-loaded nanoparticles along with biopolymeric hydrogels
develop hydrogel-nanoparticle composites that accelerate the wound healing potential of hydrogels. These composites
not only assist the healing but also contribute to delivering the anti-inflammatory and antimicrobial activity to manage the
bioburden and phases of the healing cascade at the wound site that directly influence the healing duration.”>°” This
segment inquires about the approaches/strategies engaged to consolidate such nanoparticles into biopolymer hydrogels,
drawing attention to their synergistic contribution in foremost wound healing applications.

Strategies for Incorporating Natural Nanoparticles into Hydrogel Matrices

In order to potentiate the wound healing efficiency of hydrogels, natural product-based nanoparticles are engaged into the
hydrogels. Consequently, to achieve this, different strategies/approaches that assist in acquiring the suitable nanoparticles
(NPs)-impregnated hydrogel-based wound dressings are employed, as demonstrated in Table 4. Additionally, Figure 7
illustrates the hydrogel functionalization via NPs and presents the wound healing.

The most frequently operated and straightforward strategy is the physical blending or mixing, in which NPs are directly
dispersed into the premeditated hydrogel solution via non-covalent interactions; to avail uniform dispersion, pertinent stirring
is performed.'® Respectively, physical mixing preserves the functionality of NPs and no chemical reactions are involved.
Karri et al conducted a s‘[udy98 in which researchers designed the curcumin-loaded NPs along with collagen-alginate blends
separately via the freeze-drying method. Subsequently, NPs were combined with collagen-alginate blends directly by over-
night stirring; as a result, nanohybrid hydrogel scaffolds were prepared. After evaluation, it was observed that the designed
formulation delivers high biocompatibility, enhanced stability, and a sustained release profile. Moreover, in animal studies, it
was monitored that the nanohybrid hydrogel scaffolds have a significant potential for rapid and efficient diabetic wound
healing, in contrast to controlled and placebo groups. Collectively, the physical blending of NPs into the hydrogel is
a promising technique to facilitate effective wound healing.”® A scientific report was contributed by S. Bhubhanil et al,”® in
which curcumin-loaded silver nanoparticles (Cu-AgNPs) were prepared and via physical blending, loaded into the guar gum
hydrogel solution, followed by physical crosslinking. It was analyzed that nano-hydrogel composites facilitate wound healing
by enhancing fibroblast formation along with antibacterial activity. This finding clarifies the effectiveness of this approach for
nanoparticle impregnation in hydrogels for satisfactory wound dressings.

The functionalization of natural product-based NPs in biopolymer hydrogels via the in-situ method proposes
conspicuous benefits, including uniform NP dispersion and enhanced stability; moreover, pre-designed nanocarriers
are not required. In this method, NP formation occurs directly inside the hydrogel precursor solution by utilizing metal

salt precursors, ie, silver nitrate, and reducing agents,mg

ie, ascorbic acid, sodium borohydride, sodium citrate, and plant
extract, can also be used. Reducing agents assist the nucleation of metal ions and grow them into NPs inside the hydrogel
matrix."'” A study was performed by A. Majie et al,'" in which Clerodendrum glandulosum (CG) plant extract was
employed to synthesize the silver nanoparticles (AgNPs) into a hydrogel matrix, composed of chitosan and polyethylene

glycol (PEG). Consequently, it was analyzed that the CG-AgNPs-loaded chitosan—PEG hydrogel exhibited the controlled
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Table 4 Commonly Employed Strategies for Hydrogel Functionalization with Natural Product-Based Nanoparticles

Strategies for Natural Biopolymer for Evaluating Parameters Outcomes References
NPs Product-Based Hydrogel . R
Incorporation NPs In vitro In vive
into Hydrogels
Physical blending or | Curcumin Guar gum Cytotoxicity, fibroblast Incision wounds healing rate | ® Low cell cytotoxicity [93]
mixing stabilized AgNPs proliferation and collagen in rat model, bacterial count | ® Increased fibroblast proliferation and col-
production were analyzed lagen production
® >40% rapid wound healing
® >60% antibacterial response
® |nflammatory phase accomplished rapidly
Curcumin-loaded Collagen or Drug release profile, cell Diabetic wound healing in ® No cytotoxicity and suitable cell viability [98]
CSNPs alginate morphology and viability were male Wistar rats ® Sustained drug release pattern from nanohy-
observed brid hydrogels to facilitate anti-inflammatory
effect
® Decreased inflammation
® Rapid wound healing as compared to
control
Curcumin-loaded Modified gelatin Release behavior, cell viability and | Wound healing in infected rat | ® 70% of drug release in first 60h in case of | [99]
ZHMCe NPs antimicrobial features were model acidic environment suitable against wound
observed infections
® Cell viability was >80%
® Promoted antimicrobial activity against
E. coli and S. aureus
® Enhanced epidermal remodeling and wound
recovery
Curcumin-coated Modified gelatin Antimicrobial activity, swelling Infected skin wound healing ® Sustained drug release profile [100]
GEL-NPs and hyaluronic acid | behavior, drug release and cell was observed in rat model ® Significant antibacterial response
viability were monitored ® |50% swelling rate
® |ess cytotoxic
® Promoted wound healing as compared to
control.
(Continued)
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Table 4 (Continued).

Strategies for Natural Biopolymer for Evaluating Parameters Outcomes References
NPs Product-Based Hydrogel . R
In vitro In vivo
Incorporation NPs
into Hydrogels
In-situ Approach Clerodendrum Chitosan + PEG Cytotoxicity, release profile, and | Diabetic wound healing in ® Reduced cytotoxicity and improved cell | [101]
glandulosum (CG) hemocompatibility were C57BL/6 mice, viability
extract -AgNPs monitored Antimicrobial assay ® Controlled drug release up to 7 days
® Efficient hemocompatibility
® Reduced bacterial count and inflammation
® Faster wound contraction
Epigallocatechin Aminated guar gum | Porosity, swelling behavior, Vascularization, Collagen ® Appropriate porosity with higher swelling | [102]
gallate - AgNPs release profile and cell viability deposition, anti-bacterial capacity
were evaluated activity and wound healing ® Controlled release along with better cell
viability
® |ncreased bacteriostatic activity gram-
negative bacteria, ie, E. coli and P. aeruginosa
® Rapid wound healing in contrast to control
Covalent Modified Glycol chitosan Cytotoxicity, mechanical strength | Cellular growth ® Enhanced cell viability [103]
conjugation or mesoporous (genipin and and rheological parameters were ® Dual crosslinked gels were indicated better
Crosslinking bioactive NPs PEGDE as studied gelation and reinforce network along with
crosslinkers) adequate mechanical strength.
® Promoted cell growth
Zn-doped Succinyl chitosan + | Cell proliferation, collagen Wound healing in male SD ® Improved cell proliferation and collagen | [104]
bioactive NPs oxidized alginate deposition, and angiogenesis rats deposition
were investigated ® Promoted antibacterial and inflammatory
activity
® After |2 days, better wound closure was
observed
Encapsulated OGG + CMCs Swelling ratio, porosity, Wound healing in rats ® Tunable porosity and swelling behavior [105]

VEGF —Bioactive

protein

biocompatibility were analyzed

® Good biocompatibility

® Accelerated collagen  deposition  and
reduced inflammation

® 90% wound closure at day 9
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Layer-by-layer Curcumin-loaded Chitosan or PAH Encapsulation efficiency, release Antimicrobial behavior was ® Satisfactory drug encapsulation [106]
Approach carriers behavior, and viscoelastic features | determined ® |nitial burst release followed by controlled
were analyzed release

® Increased anti-bacterial activity against

S. aureus and Serratia marcescens.

Curcumin Gelatin + PVP Release profile, degradation and | Antimicrobial behavior in ® Slow drug release behavior by multilayer | [107]
swelling behavior, S. aureus and E. coli and formulation
wound healing ® Better antibacterial activity and wound heal-
ing pattern

Abbreviations: AgNPs, Silver nanoparticles; CSNPs, Chitosan nanoparticles; PEG, Polyethylene glycol; PEGDE, Polyethylene glycol diglycidyl ether; SD, Sprague-Dawley rat; Zn, Zinc; PVP, Polyvinyl alcohol; VEGF, Vascular endothelial
growth factor; OGG, Oxidized guar gum; CMCS, Carboxymethyl chitosan; PAH, Poly(allylamine hydrochloride); ZHMCe, Zinc-doped hollow mesoporous cerium oxide nanoparticles; GEL-NPs, Gelatin nanoparticles.
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Figure 7 Functionalization of hydrogels via natural product-based nanoparticles to facilitate efficient wounds healing. Strategies such as physical blending, in-situ technique,
covalent conjugation and layer-by-layer phenomena, effectively support the natural product-based nanoparticles’ integration into hydrogels matrix.

release and delivered the significant and rapid diabetic wound treatment along with antioxidant, antimicrobial, and anti-
inflammatory features. The importance of the in-situ method for NP impregnation into the hydrogel matrix was also
reported recently in another study that showed its value for wound healing along with antimicrobial behavior. Usually,
green synthesis was preferred to design the metal nanoparticles because of its safety profile. In this study,''' in-situ
photochemical synthesis technique was incorporated to synthesize the AgNPs into hydrogels. A remarkable increase in
antimicrobial activity with significantly enhanced wound healing was presenting the potential of NP functionalization in
hydrogels via an in-situ strategy. Sometimes, the in-situ technique engages the development of NP inside the biopoly-
meric solution rather than the hydrogel itself. An aminated guar gum biopolymeric solution was employed along with

AgNOs; solution to design AgNPs because it acts as a stabilizer and reducing agent. Subsequently, this mixture was
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mixed with sodium alginate and gelatin and accordingly, crosslinked via glycerol and calcium chloride, followed by
gelation to develop hydrogel patches. In vitro and in vivo studies endorsed that the designed hydrogel patches have an
adequate potential for wound healing via increased vascularization and collagen deposition.'?

Hydrogel-nanoparticle composites have developed as a potential podium for controlled release with enhanced drug
stability for wound healing, thereby also serving as a dual drug delivery system.''? Besides the simplicity and
biocompatibility of physical blending, the covalent conjugation, another method for NP incorporation into hydrogels,
delivers an efficient drug release profile along with improved structural stability. In this approach, NPs established the
chemical interactions with the hydrogel matrix.''®> Furthermore, NPs become an integral part of the hydrogel matrix
because of covalent conjugation, a primary benefit of this technique that ensures a consistent therapeutic response, while
in physical mixing, NPs may leach out from the matrix.''* However, byproduct purification and judicious chemical
reaction optimization are required.'’> A study was accomplished by Q. Min et al,'® in which a team of researchers
designed surface-modified mesoporous bioactive NPs; for modification, amino-containing compounds were employed
with different spacer lengths to generate amino-functionalized bioactive NPs. Afterwards, crosslinkers like genipin alone
or a combination of genipin and poly(ethylene glycol) diglycidyl ether were utilized, and surface-modified NPs were
incorporated with glycol chitosan to conceive hydrogels. Moreover, J. Zhu et al'® designed a hydrogel composed of
succinyl chitosan and oxidized alginate. Then, zinc-doped bioactive glass NPs were inserted into the composite hydrogel.
The Schiff-base covalent conjugation assists in stabilizing NPs inside the composite hydrogel matrix. Schiff-based
interactions help to generate a suitable environment for cell proliferation at the injury site. Additionally, various
attributes, including collagen deposition, myofibril buildup, granulation tissue formation, and anti-inflammatory factors,
have been scrutinized to evaluate the potential of Schiff-based composite hydrogels for wound dressings.'® Apart from
the advantages of covalent conjugation, few notable limitations transform the nanocomposites’ therapeutic effectiveness.
Primarily, the bioactivity of fragile natural compounds gets compromised because of harsh reaction conditions, ie,
reactive crosslinking agents and extreme pH, which reduce structural integrity and modify functional groups required for
bioactivity.''® Moreover, the permanent nature of covalent bonds can restrict diffusion-based and stimuli-responsive
release, limiting the ability of hydrogel systems to dynamically respond to changes in the wound microenvironment.'"”
Layer-by-layer assembly, or multilayer hydrogels, is a bottom-up fabrication approach that involves the alternate

deposition of materials to develop multilayered structures,''®

another cost-effective, versatile, and precise method for NP
incorporation in the hydrogel matrix. The nanoparticle hydrogel composite via the layer-by-layer assembly technique
helps to set up the thin layers of polymers and nanoparticles one after the other. The oppositely charged species and
electrostatic interactions, ie, hydrogen and covalent bonding, can be employed to adhere these layers together.''”
A straightforward preparation procedure, high biocompatibility, and tunable morphological aspects of multilayer hydro-
gels via layer-by-layer assembly provide the controlled drug release from the matrix.'?® Different deposition procedures,
including dip coating,'?' spray deposition,'** and spin coating,'** can be utilized for multilayer fabrication. E. Tamahkar
et al'** developed a multilayer wound dressing combination of synthetic and biopolymers that were utilized to develop
a multilayer structure of hydrogel. The biopolymer-based middle layer was loaded with drug molecules, and the lower
layer served as a controlling membrane for drug release. The resulting hydrogel-based wound dressing delivered
sustained drug release for over 7 days and exhibited remarkable therapeutic activity.

In one more study,'

a layer-by-layer approach was utilized to develop curcumin-loaded microcarrier multilayer
hydrogel structures. The internal alginate cores and outer chitosan or poly(allyl amine hydrochloride) coatings delivered
sustained drug release and enhanced pharmacological activity. This study demonstrates how natural product-based NPs
can be embedded efficiently into hydrogel matrices via layer-by-layer. Nano-hydrogel multilayered wound dressings
were designed by using the electrospinning technique by S-M Huang et al'®’ Polyvinyl alcohol and gelatin were used to
design a multilayer structure. The middle gelatin layer served as a reservoir for curcumin-loaded nanoparticles, while
outer hydrogel layers of polyvinyl alcohol loaded with gentamicin delivered controlled drug release and exudate
absorption. Overall, it was observed that the multilayer hydrogel membrane development via the layer-by-layer strategy
aids in supporting wound healing along with the prevention of microbial infections. Similarly, the layer-by-layer strategy

is utilized efficiently for the functionalization of biopolymer hydrogels with natural product-based nanoparticles.
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All aforementioned strategies are used for hydrogel functionalization via nanoparticles; however, each has its own
benefits and drawbacks, which facilitates the choice of a suitable approach for better consequences. Physical blending or
entrapment offers operational simplicity and compatibility for sensitive bioactives along with minimal chemical
modifications. But leaching of nanoparticles reduces their retention within the matrix and leads to an inconsistent release
profile. While in covalent conjugation, chemical crosslinking encourages the retention of nanoparticles in the hydrogel
matrix due to chemical interaction, but harsh reaction conditions are not suitable for bioactive agents; subsequently, the
compatibility of bioactives gets compromised.''> However, hybrid systems that integrate multiple strategies can help
balance these trade-offs, leveraging the simplicity of physical entrapment with the stability of covalent bonds to tailor

release kinetics and functional outcomes for diverse wound healing applications.'**

Synergistic Effects of Nanoparticles and Natural Bioactives in Wound Healing

In the area of wound healing, using a hydrogel platform comprising natural nanoparticles is one of the newly emerging
innovative approaches for addressing the multifactorial nature of wound healing.'*® The nanoparticles used for the
treatment of wounds can be of two types, such as nanoparticles with inherent wound-healing properties and nanoparticles
loaded with natural bioactives, enabling synergistic biological and structural functions within the hydrogel platform.'*
Nanoparticles obtained from various materials such as metals, polymers, polysaccharides, and bioactive compounds
derived from plants have exhibited excellent potential in wound healing compared to traditional wound dressings. Plant-
based bioactives, such as terpenoids, polyphenols, and alkaloids, have gained huge attraction for developing nanopar-
ticles owing to their benefits of natural origin and reduced toxicity.'?’

The nanoparticles used in the hydrogel matrix for wound healing can be of different types, such as metal-based/metal
oxide (green synthesis from plants), carbon-based, and polymeric. The different types of metal-based and metal oxide
nanoparticles derived from various plant sources include gold, silver, zinc oxide, copper oxide, and titanium dioxide.
They offer numerous advantages to the hydrogel network, such as enhanced swelling capacity by increasing the
crosslinking density and increased mechanical strength in terms of strain, elasticity, and tensile strength; increased
antioxidant/antibacterial effects, and accelerated wound healing.'*®

Nandhini et al'*® fabricated zinc oxide nanoparticles derived from Ocimum americanum and Euphorbia hirta extract
for treating wounds. The developed nanoparticles exhibited significant photothermic effects, antioxidant, and antibacter-
ial (S. aureus, E. coli, and Pseudomonas sp.) properties, minimal toxicity (Zebrafish), and healing of infected wounds via
enhancement of fibroblast cell migration/proliferation in 3T3-L1 cells. Wu et al'*® fabricated a hydrogel made of PF-127
(Pluronic F-127) with gold nanoparticles derived from Andrographis paniculata extract for treating wounds. The
developed nanoparticles exhibited significant antioxidant effects, antibacterial effects (P. aeruginosa, S. aureus,
S. pneumoniae, and E. coli), no skin irritation, and effective wound closure (within 10 days) in male albino mice.
Ragab et al'*' fabricated a hydrogel network made of chitosan and PVA loaded with silver nanoparticles derived from
Aloe Vera and green tea for wound healing applications. The developed hydrogel exhibited significant antibacterial
activity (E. coli and S. aureus), sustained release, good moisture content, biodegradability, and minimal toxicity (HSF
(human skin fibroblast) cell lines). Su et al'** fabricated a hydrogel network made of gellan gum with titanium dioxide
nanoparticles (TiO,) derived from Morus alba wound healing. The developed hydrogel exhibited significant antibacterial
activity (E. coli and S. aureus), an enhanced cell survival rate, and cell migration (3T3 fibroblast cells).

Like metal nanoparticles, polymeric nanoparticles made of chitosan, sodium alginate, carboxymethyl cellulose
(CMC), and PLGA provide superior benefits to the hydrogel scaffold. Narissepali et al'>* fabricated a hydrogel network
made of polymeric nanoparticles loaded with asiaticoside (Centella asiatica) and neurotensin for diabetic wound healing.
The developed hydrogel exhibited significant cell adhesion/proliferation (L929 cells), sustained release, and quick wound
closure of nearly 99.7% via epithelial regeneration and collagen formation in Wistar rats. The wound closure is also
attributed to the inhibition of the inflammatory marker (TNF-a)) and elevating the levels of VEGF, a-SMA, and COL-1.
Saboori et al'** developed a traditional hydrogel made of alginate/carboxymethyl cellulose (CMC) and a hydrogel made
of alginate/carboxymethyl cellulose (CMC) nanoparticles for wound healing. Both the hydrogel formulations were
loaded with Satureja khuzestanica essential oil. Both the formulations exhibited significant antibacterial effects
(S. aureus and P. aeruginosa). Nanoparticle-loaded hydrogels showed better antibacterial effects when compared to
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traditional hydrogels. These findings highlight the enormous potential of nanoparticles, either synthesized from plants or
loaded with phytochemicals incorporated into hydrogel, in the landscape of wound healing research.

Recently, Zhang et al performed a study to design a responsive multifunctional hydrogel for chronic wound healing,
which highlights the synergistic therapeutic potential of natural product-derived nanocomposite hydrogels.' Initially,
the biopolymers, ie, methylcellulose and quaternized chitosan, were chemically modified for hydrogel formation. The
polydopamine nanoparticles were designed and co-loaded with silver ions and curcumin for providing antibacterial and
anti-inflammatory responses simultaneously. Subsequently, designed nanoparticles along with vascular endothelial
growth factor (for angiogenesis) were integrated into hydrogel for the final design via a direct physical incorporation
approach. After adequate evaluation, it was confirmed that the multifunctional features and targeted response of the
designed formulation facilitated the efficient wound healing. Similarly, accelerated and efficient tissue regeneration
activity was observed in metal polyphenolic nanocomposite hybrid hydrogel,'*® in which nanoparticles were co-loaded
with salvianolic acid B and glucose oxidase and embedded in a polysaccharide hydrogel matrix to reduce oxidative stress
and inflammation and regulate metabolic dysregulation within the wound microenvironment. The significant antimicro-
bial and antioxidant activities were monitored along with remarkably improved angiogenesis and tissue regeneration in
diabetic wounds. These studies illustrate how the synergistic interplay between natural bioactives, nanoparticles, and
hydrogel matrices can effectively hamper the multifactorial pathology of chronic wounds. Furthermore, the therapeutic
benefits of advanced hydrogel systems via combining natural bioactives and nanocomposites to acquire synergistic
wound healing are clearly presented. Li et al also illustrated the multifaceted therapeutic activities of hydrogels
established via dihydromyricetin encapsulation into Pluronic F127 micelles followed by crosslinking with amine-rich
polyethyleneimine, resulting in better management of diabetic wounds.'?’

From a contextual perspective, biopolymers effectively mimic the extracellular matrix, consequently providing
adequate biocompatibility and moisture regulation via biopolymer hydrogels during wound recovery but often lacking
the desired therapeutic functionality.' However, versatile biological activities are offered by natural product-derived
nanoparticles but face hurdles associated with stability, consistency, and standardization.'*® In nanocomposite hydrogels,
nanoparticle integration facilitated the improvement of mechanical strength, system stability, and responsiveness;
however, it may raise concerns regarding regulatory aspects.'*” Ultimately, integrating these distinct approaches within
a unified platform enables complementary advantages while mitigating individual limitations, highlighting the rationale

for multifunctional nanocomposite hydrogel systems in advanced wound care.'*

Case Studies: Functionalized Hydrogels in Preclinical and Clinical Research

Different kinds of in vitro cell lines and in vivo animal models are utilized for investigating the potential of functiona-
lized hydrogels in the field of wound healing research.'*' Clinical trial'** data are also available for the hydrogels
investigated for wound healing applications to some extent. Wei et al'*® fabricated a hydrogel network made of gelatin
loaded with silver nanoparticles derived from Mentha pulegium extract for treating methicillin-resistant S. aureus
(MRSA)-infected wounds. The developed hydrogel exhibited significant photothermic effects, antioxidant and antibac-
terial features, and healing of infected wounds via enhancement of collagen deposition in SD rats. Khalid et al'**
fabricated silver and gold nanoparticles derived from Cichorium intybus extract for treating wounds and investigated
their properties against clinically approved ointments. The developed hydrogel exhibited significant wound healing
properties, such as quick closure of wounds in the 21 days of study in albino mice. Both silver and gold nanoparticles
show excellent wound healing, in which silver exhibited better wound healing in mice when compared to gold.

Abdel et al'*’ fabricated a hydrogel network made of curcumin-cyclodextrin hybrid nanoparticles for wound healing
and tissue regeneration applications. The developed hydrogel exhibited significant anti-inflammatory (protein denatura-
tion assay), antioxidant (ABTS assay), antibacterial (E. coli, S. aureus, P. aeruginosa, and Bacillus subtilis), biocompat-
ibility, enhancement in fibroblast proliferation and migration (HSF cells); and healing of wounds via rapid
epithelialization, enhanced collagen remodeling, and robust neovascularization in rats. Aashiba et al'*® fabricated
a hydrogel patch made of xanthan gum loaded with copper oxide nanoparticles derived from Breynia androgyna extract
for treating wounds. The developed hydrogel patch exhibited significant antibacterial (S. aureus, P. aeruginosa, K.
pneumoniae, and Streptococcus sp.), antifungal (Candida albicans and Aspergillus niger), and healing of wounds via
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enhancement of granulation tissue formation, re-epithelialization, and collagen deposition in Wister albino rats. Sharma

1’® developed a hydrogel made of Carbopol loaded with silver nanoparticles derived from Cyperus rotundus for

et a
advanced wound care applications. The developed hydrogel exhibited significant antibacterial potency against E. coli and
S. epidermidis, anti-inflammatory potency tested via protein denaturation assay, anti-oxidant potential evaluated via
DPPH assay, biocompatiblity in HEK293 cells, promotion of wound healing in HDF cells, no redness or dermal reactions
(skin tolerance test), and adequate wound coverage and healing in comparison to the standard Muprocin ointment in male
Wistar rats.

Moshfeghi et al'*” reported the fabrication of a hydrogel made of alginate/gelatin loaded with zinc oxide nanopar-
ticles derived from Falcaria vulgaris extract for wound healing applications. The fabricated hydrogel exhibited superior
mechanical properties in terms of tensile strength, degradation rate, elongation at break, swelling capacity, and elastic
modulus. For biological properties, it exhibited significant antibacterial effects (Escherichia coli, Staphylococcus aureus),
high cell viability (L929 cells), and better wound healing efficacy via faster wound closure rate and enhanced collagen
deposition in male Wistar rats. All these studies in different animals highlight the significance of functionalized hydrogels
in wound healing applications. There are a lot of hydrogels already approved for clinical use, especially for wound
healing, by the Food and Drug Administration (FDA) (Table 5).

Many hydrogels are also investigated in humans (Table 6) to evaluate their safety and efficacy after being pre-
clinically tested (animal models). Since the objective of the preclinical trials is to transition to the next phase, ie, human
trials, this indicates that the formulation of interest has huge clinical transferability. A representative clinical trial
evaluating hydrogel formulations is the study titled “Safety and Efficacy Evaluation of Tissue Engineered Construct
Based on Allogeneic Adipose-derived Multipotent Mesenchymal Stromal Cells and Platelet-poor Plasma Fibrin

Table 5 List of Clinically Approved Hydrogels for Wound Healing Applications

Bioactive/Drug

Hydrogel base/Composition

Indications/Therapeutic Uses

Sodium Alginate

Hydro-active amorphous gel

Burns caused by radiation oncology,
Pressure ulcers |-V, Diabetic ulcers,
Severe burns, Cuts and abrasions

Silver Nitrate

Carbomer-based/Glycerin, sodium chloride, and

triethanolamine

Partial and full-thickness wounds, Diabetic foot ulcers,
Surgical wounds, First- and second-degree burns,
Abrasions, Graft wounds and donor sites

Amorphous Hydrogel

Hyaluronic acid (HA)/Sodium
polyacrylate, propylene glycol usp, sodium
metabisulfite FCC

Stages |I-IV pressure ulcers, Diabetic skin ulcers, Venous
ulcers, 1**and 2™ degree burn, Skin tears, cuts, abrasions

lonic Silver

Non-oily amorphous hydrogel/Aloe Vera, glycerin,
Propylene glycol

Pressure ulcers, Diabetic ulcers, Venous ulcers, Tissue

trauma, Surgical incisions, Thermal burns

Silver Nitrate

Carbomer-based/Glycerin, Sodium Chloride, and
Triethanolamine

Surgical wounds, 15 and 2" degree burns, Grafted
wounds, Skin tears, Donor sites and various skin ulcers

Colloidal Silver

Water-based hydrogel/Sodium carbonate, xanthan gum,

grapefruit seed extract, sunflower lecithin, and essential oil

Stage |-V pressure ulcers, partial and full, Thickness
wounds, Diabetic foot ulcers, First and second-degree

burns, Grafted and donor sites

Silver

Carbomer-based/Glycerin, Sodium chloride, Sodium
Magnesium Silicate

Stage |-V pressure ulcers, Partial and full-thickness
wounds, Diabetic foot ulcers, First and second-degree

burns, Grafted and donor sites.

Silver Sulfadiazine

Aloe-vera based hydrogel/Sorbitol, carbomer,
triethanolamine, propylene glycol, imidazolidinyl urea,
methylparaben, and allantoin.

Stage |—4 wounds with little or no drainage, Diabetic skin
ulcers, Venous insufficiency ulcers, First- and second-
degree burns, Post-surgical incisions, Cuts and abrasions

(Continued)
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Table 5 (Continued).

Bioactive/Drug Hydrogel base/Composition Indications/Therapeutic Uses

lonic Silver Carbomer-based/Sorbitol, carbomer, triethanolamine, Acute Wounds, Chronic Wounds, Deep Wounds,

propylene glycol, allantoin, glycerin, Aloe vera Dehisced Wounds, Diabetic Ulcers, Donor Sites, First- and
Second-Degree Burns, Grafted Wounds, Granulating/
Epithelializing Wounds, Infected Wounds, Minor Burns,
Non/Minimally Exudating Wounds, Palliative Wounds,
Partial- and Full, Thickness Wounds, Pressure Ulcers, Skin
Tears, Superficial Wounds, Surgical Wounds, Venous

Ulcers

Silver Hyaluronic acid-based/Glycerin, sodium polyacrylate, Dry to moderately exuding, Pressure ulcers, Venous stasis

propylene glycol, methylparaben and propylparaben ulcers, Diabetic ulcers, First and second-degree burns, Skin
tears, Grafted wounds, Surgical wounds, Abrasions,

Lacerations Trauma wounds

Colloidal Silver Aloe vera-based/Lavender oil, Carrot oil, Seaweed extract | Acne, Cuts, Burns, Dry skin irritation, Eczema Eye
infections, Fever blister; Fungal infections, ltchiness, Insect
bites, Nappy rash, Psoriasis, Skin rash, Shingles, Sores and

Bed sores, Skin cancer, Sunburn, Ulcers

Amorphous Hydrogel

Carboxymethylcellulose sodium (CMC)-based/Glycerin,
allantoin, benzyl alcohol, methylparaben, and
propylparaben

Minor burns, Superficial lacerations, Partial-thickness
wounds, Skin tears, Venous ulcers, Surgical incisions,

Diabetic foot ulcers, Pressure injuries (including stage 4)

Amorphous Hydrogel

Propylene glycol, sodium chloride, propyl hydroxybenzoate
and methyl hydroxybenzoate

Minor Burns and Scalds, Cuts and Grazes, Sunburn,
Chickenpox and Shingles, Chronic Ulcerative Wounds

Pectin and sodium carboxymethylcellulose-based

Partial and full-thickness wounds, Dry or cavity wounds,

Hydrocolloid
Hydrogel Autolytic debridement, Pressure ulcers, Leg ulcers,
Diabetic ulcers, Radiation dermatitis, Abrasions,

Lacerations, Minor cuts, Minor scalds and burns, Skin tears

Triclocarban Polyethylene oxide-based/Soap, Sodium Tallowate, Sodium | Blister Prevention, Blister Treatment, Minor Burns, Skin
Cocoate, Palm Kernelate Types, Sodium Palmitate, Water,
PEG-6 Methyl Ether, Palm Acid or Tallow Acid, Fragrance,

Glycerin, Sorbitol, Sodium Chloride, Pentasodium

Irritations, Wound Care, Hot Spots, Pressure areas

Pentetate, Tetrasodium Etidronate, BHT, Titanium Dioxide.

Hypochlorous Acid Hyaluronic acid - based /Propylene glycol, sodium Pressure ulcers, Diabetic ulcers, Leg ulcers, Graft and

(HOCI) carboxymethylcellulose, sodium polyacrylate, methylparaben, | donor sites, Burns, Painful wounds, Wounds with slough or

propylparaben, zinc acetate, meadowsweet extract. eschar, Surgical wounds, Lacerations and abrasions

Hydrogel to Treat the Patients with Burn Wounds. (ClinicalTrials.gov Identifier: NCT03113747)”. The primary objective
of this Phase I open-label randomized controlled trial was to check how safe and effective it was to use a tissue-
engineered construct made from allogeneic cultured adipose-derived multipotent mesenchymal stromal cells (ALLO-
ADSCs) and platelet-poor plasma fibrin hydrogel to treat patients with 2"-B and 3™-degree burn wounds compared to
standard care. The study is currently recruiting. Twenty adult patients (aged 18-65 years) with 2"! -B and 3-d degree burn
wounds are expected to be enrolled. They will be randomized into two groups, with the hydrogel application procedure
carried out twice — once simultaneously with a skin grafting procedure and 2-3 days following autodermoplasty, while
bandaging. The primary endpoint was to monitor how well the healing of the skin flap and epithelialization of burn
wounds in the perforations of a skin graft occurred, while secondary outcomes included dynamics of healing of the skin
flap, dynamics of the phagocytic activity of neutrophils in the area of burn wounds, according to the NBT test, and
duration of treatment (days) to complete epithelialization of burn wounds. The cultured multipotent mesenchymal
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Table 6 Summary of Clinical Trials Investigating Hydrogels for Wound Healing

Schleswig-Holstein

(RCT)

Hydrogel Composition Drug/ Wound Type/ Trial Sponsor Study Design Sample Primary Outcomes NCT
Bioactive Condition Phase/ Size Number
Incorporated Status
Carbopol based hydrogel 3% Sodium Deep Diabetic Phase I/ SB Istanbul Randomized 20 Wound healing, Complication NCT0224181 |
Pentaborate Foot Wound Recruiting | Education and controlled trial
Pentahydrate Research Hospital | (RCT)
Carbopol based hydrogel - N/A Wound N/A/ Oystershell NV Randomized 33 Wound healing efficacy (Global/ NCT06309446
BepanGel wound care hydrogel Completed controlled trial clinical), Cooling properties
(Flamozil, Zoralan Wound) (RCT)
Hydrogel Timolol Chronic diabetic | Phase IlI/ VA Office of Randomized, 48 Percentage of Complete Wound NCT03282981
foot ulcer Completed | Research and double- Closure, as Assessed Over a 12 Week
Development blinded controlled Period, Safety Outcome:
trial (RCT) Measurement of Timolol Serum
HPMC based hydrogel - N/A Cesarean N/A/ Taipei Veterans Prospective Study | 40 REEDA scale, Percentage of surgical NCT06558240
HERADERM Hydrogel Wound Section, Surgical Completed | General Hospital, wound infection
Dressing Wound, Surgical Taiwan
Wound Infection
My Skin (hydrogel and N/A Cut injuries and Phase IIl/ Associazione Randomized 180 Wound healing, Patient’s pain NCT01573234
polyurethane film) abrasions Completed | Infermieristica per | controlled trial
lo studio delle (RCT)
Lesioni Cutanee
CMC based hydrogel - Gel N/A Chronic Phase II/ Carlos E Salas Randomized 50 100% epithelization NCT03700580
Comfeel, Hydrogel Purilon Neuropathic Completed controlled trial
Wounds in (RCT)
Diabetic Foot
Ulcers
Carbopol based hydrogel Melatonin Wounds Phase II/ Salma Randomized 26 Palatal wound healing NCT05122130
Recruiting Nabil, Alexandria controlled trial
University (RCT)
Hydrogel/nano silver-based N/A Diabetic foot N/A/ Magda Open-label 30 The percentage of a reduction rate of | NCT04834245
dressing wound Completed | Bayoumi, Beni- the diabetic foot ulcer after
Suef University intervention
Hydrogel N/A Third Degree N/A/ University Randomized 20 Epithelialization NCT03674151
Burns Recruiting | Hospital controlled trial
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stromal cells are anticipated to positively influence the epithelization process of burn wounds and enhance both the extent
and speed of healing in skin flaps during autologous skin grafting.

Another clinical trial evaluating hydrogel formulation titled “Prospective, Multicenter, Single-blind, Randomized,
Controlled Clinical Trial on Safety and Efficacy of a Novel Topical Formulation Containing Erythropoietin for the
Treatment of Diabetic Foot Ulcers. (ClinicalTrials.gov Identifier: NCT02361931)”. The primary objective of this Phase
I randomized controlled trial is to evaluate the safety and efficacy of topical hydrogel treatment for diabetic foot ulcers.
This study is an exploratory proof-of-concept study on hydrogel treatment for diabetic foot ulcers. The study was
completed. The researcher has created a patented technology (RMD-GI) that includes erythropoietin as the active
pharmaceutical ingredient (API) within a carbopol-based hydrogel featuring a fibronectin matrix. RMD-G1 was created
to preserve erythropoietin’s stability and effectiveness for extended durations and to enhance the delivery of erythro-
poietin to the wound bed. Twenty adult patients (aged 18-80 years) with non-infected diabetic hard-to-heal wounds
(ulcers/foot ulcers) were enrolled. They were randomized into two groups, with RMD-G1 (gel with 2000 IU/mL of
erythropoietin) as an adjunct therapy to standard of care (SOC) topically applied on the wound bed daily for 12 weeks.
The primary endpoint was the number of participants without adverse events following RMD-GI treatment and the
number of participants with the reduction of wound area by 75% or more, while secondary outcomes included the
number of patients with hypersensitivity at the wound site, speed of healing, reduction of wound area, partial wound
closure, rate of wound closure, and recurrence of closed wounds. The cultured multipotent mesenchymal stromal cells are
anticipated to demonstrate a beneficial impact on the epithelization of burn wounds and to influence the rate and extent of
healing of skin flaps in autologous skin graft procedures. Results indicated that patients treated with hydrogel demon-
strated no safety issues compared to standard treatment. Moreover, the hydrogel group exhibited a higher rate of
complete wound closure. These findings suggest that the patented hydrogel is a safe and effective therapeutic option
for enhancing wound healing in diabetic foot ulcers, warranting further large-scale Phase I studies to validate its clinical
applicability. These clinical trials indicate the huge potential of hydrogels for wound healing, but still large studies are
required to validate the safety and efficacy of the functionalized hydrogel formulations for wound healing applications.

Characterization and Evaluation of Functionalized Hydrogel Wound

Dressings

The structural and physical characteristics, biological testing, and in vivo attributes influenced the critical evaluation to
analyze the performance of functionalized biopolymer hydrogels for wound dressings. The optimized level of moisture
retention, mechanical strength, exudate absorption, low immunogenicity, and biocompatibility are highly considerable
features that ultimately influence the therapeutic utility of hydrogels for infection prevention and tissue regeneration for
efficient wound healing.'*® The protracted characterization not only legitimizes the well-off natural product-based NPs
incorporation but also ensures their safety, efficacy, and clinical relevance.

Characterization of Hydrogel Nanocomposites

Characterization of nanoparticles functionalized hydrogels is required to verify their different parameters that either
directly or indirectly control the formulation efficacy. In this section, we summarized various parameters that are
mandatory for hydrogel nanocomposite characterization. Majorly include particle size and size distribution, FTIR,
XRD, thermogravimetric analysis, and structural morphology via SEM and TEM.

Physical Characterization Parameters: Particle Size, FTIR, XRD, and TGA

B-chitin/nano hydroxyapatite (nHAp) nanocomposite hydrogel scaffolds were synthesized by Kumar et al,'*’

thereby
scrutinizing the bone and wound tissue engineering. For nHAp particle size and size distribution in the hydrogel matrix, the
dynamic light scattering technique (Nicomp™ 380 ZLS) was utilized, which demonstrated the size range of 50-120 nm.
FTIR spectroscopy (Spectrophotometer Perkin-Elmer RX1) was engaged for confirming the chemical structure of nHAp
and nanocomposite hydrogel, over 4004000 cm'. In the FTIR spectrum, three major peaks, 565 and 602 showed the
phosphate group stretching vibration and 3570 cm ™' showed the OH group stretching vibration in nHAp. While in the FTIR
spectrum of nanocomposite hydrogel (B-chitin + nHAp) a peak at 3450 cm™' confirmed the H-bonding interaction between
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polymer (B-chitin) and nHAp. For determining the nHAp crystal structure, the XRD pattern was analyzed via a Panalytical
diffractometer (XPERT PRO powder) at room temperature at a 40 kV voltage. In the results, it was monitored that the XRD
pattern of nHAp precisely matched with the standard spectrum of HAp. In the nanocomposite hydrogel, peaks for both -
chitin and nHAp were visible; however, the peak for the polymer became weaker upon nHAp addition, which indicated
their interaction. Furthermore, the TG/DTA instrument (SII TG-DTA6200) was used for thermogravimetric analysis at
arange of 25-500°C. Initially, nHAp showed 10% weight loss because of moisture evaporation. However, incorporation of

nHAp slightly improved the thermal stability of the polymer in nanocomposite hydrogels.'*’

Structural Morphology of Hydrogel Nanocomposites

Dang et al'°

prepared biofunctional nanocomposite hydrogel via engaging nanocurcumin and chitosan-g-pluronic
copolymer for treating the burn wounds. For morphological characterization of this formulation, scanning electron and
transmission electron microscopy were performed via SEM, JEM-1400, TEM, and JSM 7401F, respectively. In detail,
freeze-dried hydrogel samples were utilized; for SEM, these samples were fractured for interpretation of internal structure.
While, in the TEM sample, it was added into the water, and thereby, a thin film was prepared on the disk for morphological
evaluation. The SEM images disclosed the existence of interconnected pores with irregular shapes along with a uniform
distribution of nanocurcumin having an average size between 20 and 50 nm present in nanocomposite hydrogels, which can
promote the water absorption capacity of hydrogels. Furthermore, with TEM analysis, the nanocurcumin particles appeared

spherical with the size range of 20-50 nm, also evidenced by the light scattering experiments.'>°

Evaluation Parameters of Hydrogel Nanocomposites

A number of physicochemical and functional parameters are engaged for evaluating the performance of nanocomposite
hydrogels that influence their therapeutic efficiency. The crucial assessments include drug encapsulation efficiency,
mechanical features, drug release profile, and swelling behavior. Collectively, these attributes dictate the delivery of
therapeutic ingredients.

Drug Encapsulation Efficiency (EE%)

Drug encapsulation efficiency (EE%) is an important evaluation parameter that aids in verifying the amount of entrapped
drug inside the nanoparticles because drug concentration has an impact on its therapeutic response. Mageed et al'*
processed curcumin-cyclodextrin hybrid nanoparticles and incorporated them into a hydrogel matrix for wound treatment.
Centrifugation was employed to analyze the EE of curcumin inside hybrid NPs. The assessment of the calibration curve and

EE% of curcumin was monitored at the 420 nm absorption peak. The EE% was calculated by the given equation.'’

EE(%) = (WT — WF)/WT x 100

In the equation, Wr indicates the total amount of either drug or nanocarriers, and W indicates the amount of drug or
nanocarriers in the supernatant. In results, the observed value for curcumin EE% was 90.2% + 3.1%, which is sufficient
for curcumin therapeutic potency in wound treatment.'*®

Mechanical Attributes

For specific clinical relevancy, the mechanical features of hydrogels are crucial for ensuring their efficacy across various
wounds. The maintenance of structural integrity and provision of adequate mechanical support are essential for hydrogel
functionality throughout the healing process.'>* Different approaches, ie, utilization of reinforcing agents, crosslinking,
and blending with other materials like NPs, assist in promoting the mechanical aspects of natural hydrogels.'”?
Additionally, it was reported that the mechanical strength of biopolymers, ie, chitosan, cellulose, and starch, in hydrogel
matrices increased in the case of nanocomposite hydrogels. This combination makes hydrogels ideal for the treatment of
various wounds and improving patient outcomes.'>* Chin et al'>® designed a nanocomposite hydrogel dressing loaded
with phomopsidione for pressure ulcers and wounds associated with microbial infection; chitosan and polyethylene
glycol were utilized for hydrogel formation. In order to analyze the mechanical aspects of the designed nanocomposite
hydrogel, three key features were monitored, including tensile strength, elongation at break, and Young’s modulus via
a universal testing machine (INSTRON 3366). For comparison, nanocomposite hydrogels were compared with a control
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sample (hydrogel without phomopsidione). In contrast to the control sample, the nanocomposite hydrogels demonstrated
29.62% enhanced tensile strength, 5.41% improved elongation at break, and a Young’s modulus that was 13.76% higher.
These findings justified that the mechanical features of nanocomposite hydrogels are much better than the plain ones.
Moreover, the therapeutic utility of these hydrogels is also increased remarkably. Consequently, researchers claimed that

the nanocomposite hydrogels have a promising potential to treat the chronic wounds.'”’

Swelling Behavior

The swelling behavior of nanocomposite hydrogels plays an integral role in proficient wound healing. It was reported that
the increased concentration of monomers for hydrogel formation developed a significant improvement in the swelling
ratio. The release of drugs from hydrogel leans on the swelling behavior.'*® The following equation can be employed to

evaluate the swelling behavior of hydrogels, whether having nanoparticles or not:'>’

Q = We/ Wd
In this ratio (Q), W, indicates the weight of swollen hydrogel, and W indicates the dry weight of pure hydrogel.
Another simple equation that assists in determining the degree of swelling is;

Weight of swollen formulation — Weight of dry formulation

D f swelling =
cgree of swelling Weight of dry formulation

Moreover, the swelling behavior of nanocomposite hydrogels expresses their absorption extent for wound exudates

and blood. Raghavendra et al conducted a study,'”®

in which a team of researchers designed the nanocomposite
hydrogels. Evaluators monitored the designed formulation, indicating the high absorptive capacity, which is contributed
due to the incorporation of green synthesized core-shell nanoparticles into the hydrogel matrix. As a result, the swelling
behavior of the formulation is 12 to 22 g/g; ultimately, hydrogels can absorb 1200-2200% of their dry weight, which
demonstrates the effective absorbent ability of nanocomposite hydrogels for wound-related fluids. Overall, the high
swelling capacities of hydrogels directly impact the moisture retention for cell mitigation, tissue regeneration, and
effective wound healing. The tunable swelling ability of hydrogels helps to develop the formulations with optimal

hydration with injured area stability.'**

Biological Testing: Cell Viability, Hemocompatibility, and in vitro Antibacterial Analysis
The biological evaluation of nanocomposite hydrogel wound dressings is pivotal for certifying the safety and therapeutic
utility. In this particular segment, we elaborate on the cytocompatibility, hemocompatibility, and in vitro antimicrobial
activity for hydrogel wound dressings. To ensure the therapeutic effectiveness of wound dressing, they should support
cell mitigation and proliferation, avoid undesired interaction with blood and the immune system, and restrict microbial
loads that affect the healing process.

Keihan et al'>® designed nanobiocomposite hydrogels for wound dressings, in which magnesium hydroxide NPs were
uniformly dispersed into a hydrogel matrix that contains silk fibroin and carboxymethyl cellulose. The cell viability assay
and hemolysis activity summarized that the nanobiocomposite hydrogels are biocompatible and safe for blood contact.
The MTT assay was performed to monitor the cell viability, for which Hu02 cells (human fibroblast cells) were treated
with nanobiocomposite hydrogel and cisplatin. The findings showed that the Hu02 cells in the presence of nanobio-
composite hydrogel maintained 84.5% viability after 7 days, in contrast to the untreated control group that indicated
95.7% viability. However, cisplatin reduced Hu02 cell concentration by >85%, and only 3.76% of cells became viable at
a dose of 1 g/mL. Consequently, it was justified that the nanobiocomposite hydrogels are significantly biocompatible for
human cells and not generating any compelling harm to cells. Additionally, only 8.3% hemolysis was recorded, which
confirmed the remarkable hemocompatibility of the nanobiocomposite hydrogels for wound dressings.'>”

The antimicrobial activity is also essential for nanocomposite hydrogel wound dressings. The bacterial load influences
the wound healing process; therefore, efficient control of the bacterial count assists in better wound recovery and
enhances clinical relevancy. Miao et al'®® prepared chitosan and recombinant keratin-31 contained cryogels, a specialized
type of hydrogel with tunable mechanical features and high water absorption capacity. Gallic acid-reduced AgNPs were
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designed, and they were incorporated into cryogels for their functionalization. The agar diffusion and turbidimetric
methods were utilized to evaluate the in vitro antibacterial activity of these particularly designed nanocomposite
hydrogels against S. aureus and E. coli. The findings clearly indicated the bactericidal activity of designed nanocompo-
site hydrogels against S. aureus and E. coli. In the agar diffusion test, the well-defined zones of inhibition were monitored
against S. aureus, while the zones were a little larger against E. coli. Furthermore, significant bacterial growth reduction
was monitored against both kinds of bacteria in the turbidimetric assay. Approximately 99.9% of bacterial inhibition was
monitored at 0.5-1 mM concentration of NPs-loaded cryogels.'®® The antimicrobial activity of nanocomposite hydrogel

wound dressings facilitates better patient outcomes.

In vivo Performance and Healing Efficiency

The in vivo effectiveness of hydrogel nanocomposites for wound healing is adequately evidenced in reported
literature.'®' The in vivo performance delivers the direct evidence of hydrogels’ wound-dressing therapeutic aptitude
under physiological conditions. For ensuring the collagen deposition and tissue regeneration, the visual inspection,
wound closure rate, and histological evaluation are usually employed.

In order to analyze the healing efficiency of hydrogel nanocomposites, biopolymer hydrogel was prepared and functio-
nalized via curcumin-AgNPs.”* Subsequently, human skin fibroblast cells were employed for the scratch wound-healing test,
and two concentrations of curcumin-AgNPs, ie, 0.03 and 0.06 nM, were utilized for evaluation. However, injured cells have
reduced cell-to-cell communication and are much weaker in strength; that’s why the higher dose (0.06 nM) may provoke the
toxicity for injured tissues. Meanwhile, the lower concentration (0.03 nM) of nanoparticles demonstrated the remarkable
enhancement in cell mitigation by 100% and 50% at days 7 and 14, respectively, relative to untreated cells. Findings indicated
the growth of fibroblast cells and efficiency of nanocomposite hydrogels for tissue repair.”®

For evaluating the in vivo effectiveness of nanocomposite hydrogels, lignin-based green-synthesized AgNPs were
designed and incorporated into the carrageenan-based hydrogel (holding CaCl, and MgCl, as crosslinkers) for hydrogel
functionalization.'®® After the ethical approval of the Animal Ethics Committee, researchers engaged 6-week-old male
SD rats for testing the wound-healing effectiveness of the designed formulation. A sterile biopsy punch was used to
generate the circular wound of 8 mm in diameter and immediately covered with the hydrogel dressings. For wound
closure assessment, SD rats were monitored on days 3, 7, and 14. The following equation facilitates calculating the

wound area correctly:

W, — W,
Wound closure(%) = OTt x 100

0

Where Wo was the initial wound area and Wt was the wound area at time t. After quantitative and photographic
evaluation, it was observed that nanocomposite hydrogels significantly reduced the wound area, which indicated the
healing efficiency of this system. Formulation having MgCl, showed rapid healing, with wound area reducing from
100% at day 0-56%, 18%, and 3% at days 3, 7, and 14, respectively. The experimental outcomes demonstrate the
promising potential of NP-based hydrogel wound dressings for wound recovery.'®*

For more clinically relevant evaluation, the effect of nanocomposite hydrogel wound dressings on internal tissue
repair and the quality of skin regeneration in the wound area, the skin is evaluated after days 6 and 12 of treatment via
Hematoxylin & Eosin (HE) staining.'®® The nanocomposite hydrogel formulation was designed by utilizing zinc-doped
bioactive glass NPs and biopolymers, ie, succinyl chitosan and oxidized alginate, by Zhu et al.'® Consequently,
histomorphological assessment was performed for analyzing the tissue repair and skin regeneration. By day 6, research-
ers came to know that the nanocomposite hydrogel-treated wounds demonstrated better tissue repair progress in terms of
granulation and fibroblast activity as compared to the control group. Additionally, angiogenesis was remarkably
monitored via the designed formulation on day 6, while on day 12, blood vessels and skin glands were clearly monitored,
presenting the internal regeneration. For wound closure, at day 12 it was observed that the size of the unhealed area in the
treatment group is about 1.25 mm in diameter, in contrast to the control group that showed the unhealed area of about

2.84 mm. These findings indicate the promising potential of nanocomposite hydrogels for significant wound healing.'**
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Dong et al performed a study to evaluate the therapeutic effect of hydrogels on the recovery of oral ulcers.'®* The
stem cells of human exfoliated deciduous teeth were used to get the cell lysate, followed by encapsulation in the
injectable fibrinogen/thrombin hydrogel. In the animal model, fabricated hydrogels exhibited improved ulcer recovery
and clearly highlight the anti-inflammation response and epithelial integrity by days 3 and 5, respectively. Additionally,
the hydrogel enhanced epithelial cell growth and vascular remodeling.

Clinical Implications and Challenges

Regulatory and Safety Considerations for Natural Product-Based Wound Dressings
Each component, ie, natural product and wound dressings, adds its own regulatory challenges for commercialization.
Wound dressings incorporated with natural products have a synergistic approach, enhancing wound healing while helping
to overcome side effects.>'®> Despite their proved therapeutic potential in preclinical studies, some of the regulatory
challenges hinder their approval as commercially available products.'®® Natural bioactives and nanoparticles are major
constituents for multifunctional hydrogel dressings; a primary regulatory hurdle resides in their classification because
these nanocomposite hydrogels may be regulated as advanced therapy products, medical devices, and drug-device
combinations, which makes it difficult to categorize them properly. For manufacturers, it is essential to submit
appropriate documentation regarding safety, biocompatibility, and performance characteristics for approval; however,
water content variability and potential structural changes over time impede the standardization of testing protocols and
acceptance criteria. Consequently, these ambiguities make approval pathways complicated, and development timelines
suffer.'®” Regulatory guidelines entail safety, efficacy, standardization, and quality aspects of the natural products.'®®
Increased demand for natural products has highlighted the public health issues related to their quality, efficacy, and
safety.'®” In the past, it was considered that natural products have no harm, while in recent advancements, research has

proven that natural products with poor quality have interactions and adverse effects with co-administered drugs.'’*'"" As

the herbal products are of a complex nature, consisting of many constituents, which makes their evaluation difficult.'”
Therefore, counterfeited, adulterated, and poor-quality natural products pose serious health issues to patients due to lack
of standardization and authentication problems.'”? According to European guidelines, regulation of natural products
depends on their level of indication, available clinical literature, and nature of product.'” To evaluate their safety and
efficacy regarding their traditional use, there should be evidence from experimental data except for their minor use.'”*
There is also a requirement of good agricultural practices for natural products.'”®> The regulatory bodies require the
detailed indication, detail of constituents, qualitative nature of constituents, route of administration, adverse reactions,
and clinical literature regarding different characteristics of natural products.'®® All these requirements make the market-
ing authorization of natural products difficult and create regulatory hindrance for their approval.'”

Different regulatory bodies classify natural product-based wound dressings differently; some consider them as drugs
for having the antioxidant, antimicrobial, and pro-regenerative properties, while others categorize them as medical
devices for retaining the moisture content.'®”"'”® The difference in their classification by the regulatory authorities creates

a hindrance in their documentation necessary for approval of wound dressing incorporated with natural products.'®’

Commercialization of Functionalized Hydrogel Dressings
In recent years, hydrogels have offered various clinical applications."”” To develop novel hydrogels incorporated with
natural products, extensive research is being implemented.'”® Pharma companies are highly investing in research
activities to conduct the clinical trials to explore their therapeutic potential, ie, wound healing properties.'”>'** Thus,
to commercialize the hydrogel dressings, many of the clinical studies had been conducted to bring out the positive results
that increase the growth of the market.'®!

In 2024, the market size of hydrogel dressings was USD 791.3 million, which is expected to increase from USD
829.0 million to USD 1,209.7 million from 2025 to 2032, respectively, with a compound annual growth rate (CAGR) of
5.5% over the estimated span of 2025 to 2032. North America in 2024 predominated the market of hydrogel dressing

with a market share of 40.17%.%?
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Multiple factors are involved in the market rise of hydrogel wound dressings, such as the rising number of geriatric
populations, increasing incidence rate of surgical procedures, and higher prevalence of chronic and acute wounds.'®?
Surgical wounds pose a notable risk in the health care system, reported by the Wound Healing Society (WHS), causing
mortality in 75% of cases due to surgical site infections.'®* The high prevalence rate puts an economic burden globally
and demands the launch of advanced technologies such as nanotechnology and 3D printing, which introduced advanced
hydrogel dressings with enhanced functions and properties, which are also believed to increase the market growth.'33718°
Hydrogel dressings are also recommended strongly by the healthcare professionals due to their effectiveness, which also
increases their demand in the market.'®

However, the strict regulatory framework regarding the use of natural products creates hindrance in their marketing
authorization."®” During their acceptance, there is a requirement to submit the characteristic detail of natural products
regarding their indication, list of constituents they contain, adverse reactions, contraindications, and evidence from
relevant clinical literature.'’%'®® All these requirements make it expensive to authorize the natural products for many
manufacturers, particularly for underdeveloped countries.'”® Therefore, many of the natural products remain unrecog-
nized because of the strict regulatory requirements, and the commercial market of natural product-based hydrogel

dressings tends to decline.'’*'®”

Barriers to Clinical Translation and Potential Solutions

Despite the remarkable achievement in the research area, still there are issues that need attention in the clinical
translation. Hydrogel-based wound dressings loaded with natural products consist of two different components, such
as hydrogels and nanoparticles.®> Wound dressings face obstacles from both components individually, and their integra-
tion also results in additional complexities, hindering their clinical translation.'*°

Wound healing is a multistage process that requires different hydrogel dressings for each stage.'”! Moreover, each
patient shows a different response to hydrogel dressings, as having different causes for impaired healing. These markers
show that there is a need for personalized hydrogel dressings, which are in the early stages of development, as the single
hydrogel dressing is not sufficient for all types of wound healing phases.'”* After developing individualized dressings,
hydrogel materials could be able to collect the data about the wound, helping in tailoring the specific design of dressings
for each patient.*

Another barrier for clinical translation of hydrogel dressings incorporated with natural products is intra-inter species
variation in clinical studies.'”® Despite having strong therapeutic potential, still there is a need for clinical trials on
humans due to intra- and inter-species variations.'”® Researchers often use mice or rats as animal models for in vivo
studies. But disparity exists between human and rodent skin, eg, the skin of rodents shows contractions during the healing
process, causing variability in experimental results.'”* However, larger animals that show similar characteristics or show
similarity in skin morphology, such as pigs, could be used for experimental purpose, but the accessibility and practicality
issues have restricted their extensive use as animal models.'*>

Although the synergistic applications could be obtained by combining the hydrogels with nanoparticles, it requires
extensive research to find the underlying mechanisms involved and the safety and efficacy of the material used, which
increases the production costs, acting as a barrier for their clinical translation.*

Clinical translation of the nanomedicines presents some practical difficulties when formulating on a large scale,
because minute differences cause significant changes in their physicochemical parameters, affecting their safety, efficacy,
and therapeutic potential, which hinder their commercial production for wound dressings.'”®'*® Other challenges
involved are their characterization, finding a suitable animal model, surface properties, and lacking clinical trials that
prevent their transformation from laboratory research to their commercialization.'*2%

Another barrier is the high cost, which limits the use of hydrogel dressings in the market. National Health Services
spend almost USD 6.48 billion per year on wound care, as reported by the Institute of Pressure Injury Prevention. Due to
higher cost, these are associated with the unavailability and inaccessibility of these in developing countries, which may
deter the health care professionals from recommending them to their patients, ultimately affecting the market growth.
Furthermore, batch-to-batch variation in plant-derived systems is a significant barrier, as it directly affects product
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consistency and regulatory compliance. Lack of large-scale clinical validation protocols impedes scalability and clinical
translation. It is essential to fabricate regulatory protocols to conquer the scalability and translational challenges.

Future Trends in Hydrogel-Based Wound Care

Emerging Technologies in Wound Healing

Traditional wound dressings primarily offered basic benefits, such as protecting the wound and reducing pain, but they
were limited in promoting efficient tissue repair.’°' The advent of hydrogel-based systems addressed many of these
drawbacks by providing a moist healing environment, enhanced biocompatibility, and improved patient comfort.”*? More
recently, the development of functionalized hydrogels has demonstrated superior outcomes compared to conventional
hydrogel dressings, particularly in accelerating wound closure and improving patient compliance.”” Nonetheless, large-
scale clinical evidence on their long-term safety and efficacy remains limited and warrants further investigation.
Emerging advancements, such as 3D-printed hydrogel systems,”** represent the next frontier in wound healing, offering

the potential for personalized, structurally tailored, and multifunctional dressings. Mujawar et al*%>

designed a 3D-printed
hydrogel scaffold made of sodium alginate-gelatin loaded with Aloe barbadensis for accelerated wound healing. The
developed hydrogel scaffold exhibited moderate swellability and excellent mechanical properties in terms of Young’s
modulus and tensile strength. In terms of biological properties, the scaffold showed significant antibacterial activity
(Staphylococcus aureus, Pseudomonas aeruginosa), hemocompatibility, biocompatibility, biodegradability enhancement
in fibroblast proliferation, migration, and effective viability in Normal Human Dermal Fibroblast cells (NHDF). In Wistar
rats, the designed hydrogel scaffold showed enhanced wound closure, minimized wound contraction, accelerated
epithelial regeneration with minimal inflammation, and reduced scar formation after 14 days of treatment.

Yang et al’*® developed a 3D-printed hydrogel network made of hyaluronic acid loaded with deferoxamine for
accelerated healing in diabetic wounds. The fabricated hydrogel network exhibited optimum swellability and excellent
mechanical properties. In terms of biological properties, the scaffold showed reasonable degradation time, optimum
biodegradability, significant antioxidant activity, anti-inflammatory activity, and promoted migration and angiogenesis in
human immortalized keratinocytes (HaCaT). In SD rats, the developed hydrogel network exhibited accelerated healing of
the chronic diabetic wounds via vascular regeneration. These studies highlight the promise of 3D-printed hydrogels for
wound healing. However, further studies on long-term safety and efficacy assessments in preclinical models and
ultimately clinical trials are needed to determine the full potential of these innovative and emerging hydrogel systems
in the landscape of wound care.

Additionally, hydrogels incorporating multicellular approaches facilitate personalized wound care so as to integrate the
distinct cells to promote neovascularization, reepithelization, and collagen deposition for healing.?°” The properties of
changing behavior of 4D printing hydrogels in response to stimuli such as temperature, light, and moisture revolutionize
the healing domain. These hydrogels are capable of inducing post-production alteration for better medical applications.
Multifunctional wound dressings along with 4D-printed techniques seem to be more efficacious in comparison to traditional
hydrogel dressings.*”® Furthermore, bioinspired nanocomposites facilitate wound recovery via DNA-induced biomineraliza-
tion, which enables the preparation of specialized ink for 3D printing dressings. The robust therapeutic potential was achieved
by incorporating this technique in the treatment of diabetic wounds.* Collectively, all these modern and emerging strategies

highlight the growing relevance of advanced hydrogel dressings in wound care.>*®

Role of Smart Hydrogel Dressings and Controlled Release Systems

There is a massive shift in the paradigm of strategies for wound care, especially for treating infected and chronic wounds,
with the deployment of controlled release systems and the use of real-time monitoring systems for diagnostic purposes.
Smart or intelligent systems are used for both diagnostic and therapeutic purposes. The foremost challenge with these
systems is to make them function continuously without any interruption, since the framework (feedback loop) will not
function if the two modulus bundles are just bundled; instead, they should be integrated. The latest innovative hydrogel
systems?'*?!" bridge the gap between the traditional wound dressing and intelligent therapeutic systems by the utilization
of modern technologies such as data processing, stimuli-responsive drug delivery, and biosensing to create the closed-
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loop system providing better wound care and management. For instance, Liu et al*'? designed a sprayable hydrogel
network made of cyclodextrin loaded with human umbilical cord mesenchymal stem cell-derived exosomes and borneol
for accelerated healing in diabetic wounds. The developed hydrogel network exhibited excellent biocompatibility, anti-
inflammatory activity, antioxidant activity, and broad-spectrum antibacterial activity (Staphylococcus aureus,
Pseudomonas aeruginosa). In human immortalized keratinocytes (HaCaT), the hydrogel exhibited enhancement of
keratinocyte migration and stimulated angiogenesis in RAW 264.7 cells and HUVECs. In BALB/c mice, the developed
hydrogel network exhibited superior healing of diabetic wounds in comparison to blank hydrogel and exosomes
(standalone treatment). These studies highlight the promise of 3D-printed hydrogels for wound healing. The hydrogel
system was sprayed onto irregularly shaped wounds of the mouse model, with its crosslinking density and degradation
kinetics precisely controlled by modifying the photocuring duration. This tunable feature allows the controlled release of
borneol and exosomes for nearly 2 to 7 days. This study shows the promising potential of the intelligent and innovative
hydrogel systems that can precisely control the release of the bioactive loaded into the hydrogel matrix, providing
increased therapeutic outcomes and patient compliance; however, the engineering and clinical challenges still exist.
Moreover, smart hydrogels are multifaceted and can be fabricated according to the desired microenvironment, as they
have an ability to respond according to physiological stimuli like enzymes, pH, temperature, and redox condition. For
precision drug delivery, they have gained significant attention, highlighting their broader translational potential.*'* The
integration of both nanotechnology and bioengineering principles constitutes smart hydrogel dressings, which enables

. . 2
responsive and controlled delivery for wound recovery.?®

Potential for Personalized Medicine in Wound Care

Gene hydrogels®'* are one of the transformative strategies to accelerate the wound healing process by combining the
regenerative properties of hydrogels with targeted gene delivery systems, enabling a tailored and personalized approach.
These gene-modified hydrogels*'® have exhibited numerous advantages during the process of wound healing, such as
mitigation of inflammatory responses, reduction of cytotoxicity induced by drugs, and acceleration of tissue regeneration.
There are numerous preclinical studies reported on utilizing these gene hydrogels. For example, Xie et al*'® fabricated
a gene hydrogel (Janus hydrogel (ABC/PEM) formed by genetically engineered polypeptide) loaded with Mn-based
mineralized erythrocyte for diabetic wound healing. The developed hydrogel promoted cutaneous healing and regenera-
tion of skin structure. In male SD rats, it also showed the accelerated rate of reconstruction of skin structure by breaking
the oxygen diffusion barrier and supplying oxygen on demand to promote angiogenesis and functionalization. It has
inhibited the inflammatory processes in the fibroblasts and keratinocytes. One of the interesting advantages of this
hydrogel is its accelerated wound healing potential, where it has shown a healing rate of nearly 99% after 21 days of
treatment. This study demonstrates the enormous potential of gene hydrogel, which is an emerging strategy for the
wound healing landscape. However, in order to advance to the next stage of commercialization and wide application,
some of the critical challenges, such as scale-up difficulties, stability issues of the hydrogel, and lack of large-scale
human studies to validate safety and efficacy, have to be resolved.

Conclusion and Future Orientation

For addressing the complex pathophysiology of acute and chronic wounds, the multifunctional therapeutic systems
contributed adequately; consequently, wound management evolves continuously. This review consolidates recent
advancements in biopolymer hydrogel-based dressings functionalized with natural product-containing nanoparticles.
This combination brings versatile biological activities, including enhanced antimicrobial protection, inflammation
recovery, active tissue regeneration, and minimized oxidative stress, emphasizing the growing relevance of nanocompo-
site hydrogel-based dressings in next-generation wound care. Furthermore, integration of nanotechnology and biopoly-
mer hydrogels together exhibited the targeted biological activities and structural support. Despite these significant
advancements, several unresolved challenges and knowledge gaps remain. Further investigation is required to analyze
the long-term biocompatibility and safety evidence for the nanocomposite hydrogel complex, along with the standardiza-
tion and reproducibility protocols. Moreover, for complete understanding of emerging hydrogel platforms, a thorough
knowledge of structure—function relationships and the conduction of extensive comparative clinical studies are
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mandatory. New insights have been contributed in this review that highlights the translational aspects of natural product-
derived nanoparticle-functionalized hydrogels to mention the growing relevance of their therapeutic performance and
clinical applicability.

For the future, researchers should consider the integration of advanced fabrication techniques like 3D printing for the
development of smart and stimuli-responsive hydrogels, along with scalable manufacturing strategies. Consequently, the
precise drug release and real-time wound monitoring could be achieved. Future research should also prioritize econom-
ical and eco-friendly methodologies in wound dressing development. Addressing translational challenges such as batch-
to-batch consistency, regulatory classification of natural product-based combination dressings, and cost-effective large-
scale manufacturing will be essential to enable clinical adoption of multifunctional hydrogel systems.
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