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Abstract Wounds are a critical issue in human health care. Consequently, clinical management of wounds is crucial for wound care. Significant
advancements have emerged in wound-care applications over the past few decades. There are various types of wound-care applications, includ-
ing wound dressings. Wound dressings have garnered significant interest from researchers in recent years. Wound dressing materials significant-
ly influence the wound-healing process. Numerous varieties of wound dressings, including hydrogels, have been developed. Owing to their ex-
ceptional mechanical and biochemical properties, hydrogel wound dressings have demonstrated significant advantages in the domain of wound
care. Various polymeric materials, including natural and synthetic polymers, have been extensively utilized in the fabrication of hydrogel wound
dressings. Numerous innovative and successful hydrogel wound dressings have been developed. This review focuses on the utilization of poly-

meric hydrogels in wound dressings and wound healing applications.
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INTRODUCTION

The skin is the largest organ in the human body and safeguards
it from the external environment. Despite their significant self-
regenerative capacity, extensive skin flaws do not repair au-
tonomously and require coverage with skin replacement. Sig-
nificant advancements have been made in skin tissue engineer-
ing over the past few years, leading to the development of nov-
el skin substitutes.I'! Skin damage from lesions or external in-
juries, such as burns, trauma, or pressure sores, frequently leads
to protracted chronic wound healing owing to the absence of
transplantable autologous skin, significantly compromising
both the aesthetic and physiological functions of the skin. Ex-
tensive skin abnormalities may precipitate systemic problems
including impaired metabolism, excessive loss of water and pro-
teins, dysregulated immunological function, incapacity, and po-
tentially fatal outcomes in severe cases. Furthermore, inade-
quate wound management results in pathological scarring, sig-
nificantly impairing both the appearance and functionality of
patients in advanced stages of cutaneous wound healing.”! The
healing in pediatric patients is critically significant both clinical-
ly and socially, as hypertrophic scarring may result in cosmetic
and psychological consequences from early childhood through
late adolescence. Wound healing is a coordinated reparative re-
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sponse that affects damaged tissue at the cellular, tissue, organ,
and systemic levels.!

Many researchers have focused on wound healing.*-14
Various medical wound dressings have been designed as
temporary coverings to protect the wound region, demon-
strating efficacy in preventing microbial infections, preserv-
ing normal tissue and cell function, and enabling wound re-
pair and tissue regeneration. Consequently, an optimal
wound dressing should exhibit the following attributes: (a)
excellent histocompatibility and biological safety, devoid of
eliciting an immune response; (b) capacity to preserve a moist
wound microenvironment that facilitates gas exchange and
absorption of exudates; (c) adequate physical-mechanical
strength to maintain structural integrity while preventing
pathogen infiltration; (d) suitable microstructure and bio-
chemical characteristics that promote cell proliferation, mi-
gration, and extracellular matrix (ECM) synthesis; and (e) abili-
ty to adhere to tissues while allowing for easy removal with-
out inflicting secondary injuries to the wound.?!

There are several categories of wound dressing.['*] Hydro-
gels are among the most promising choices for replicating
the original skin microenvironment, owing to their porous
and hydrated molecular composition. They may be utilized as
either permanent or temporary dressings for various wounds
to facilitate regeneration and repair of the affected dermis,
epidermis, or both.l'l Hydrogels are three-dimensional cross-
linked networks composed of water-soluble polymers. Hydro-
gels can be synthesized from nearly any water-soluble poly-
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mer, with a diverse array of chemical compositions and bulk
physical characteristics. In addition, hydrogels can be engi-
neered into various physical forms, including microparticles,
films, slabs, nanoparticles, and coatings. Consequently, hy-
drogels are frequently employed in clinical practice and ex-
perimental medicine for multiple applications, including
wound dressings, tissue engineering, regenerative medicine,
diagnostics, barrier materials to modulate biological adhe-
sion, biomolecules or cell separation, and cellular immobiliza-
tion.l®!

Medicated hydrogels exhibit therapeutic properties. They
are cross-linked polymeric gels with water-retaining and non-
adhesive characteristics. Hydrogels can be synthesized using
monomers, prepolymers, or pre-existing hydrophilic poly-
mers as foundational materials. These are typically defined
using two-component systems. One component is hy-
drophilic and is characterized by water-insoluble three-di-
mensional polymer networks, whereas the second compo-
nent is water. They may swell in water and attain an equilibri-
um state, while preserving their original shape.l'”] Hydrogels
are cross-linked polymer networks that can retain water with-
in the interstitial spaces between the polymer chains. Hydro-
gels have been extensively utilized in many biomedical appli-
cations such as drug delivery, cell transport and trapping,
wound treatment, and tissue engineering.l'® Diverse poly-
mers have been utilized in the design of polymeric hydrogel
wound dressings.[920 This review encapsulates the applica-
tion of natural and synthetic polymers, specifically gelatin,
collagen, cellulose, chitosan, alginate, and silk fibroin as natu-
ral polymers, alongside poly(vinyl alcohol) (PVA), poly(ethy-
lene glycols) (PEG), polyurethane (PU), polyvinylpyrrolidone
(PVP), and polyacrylamide (PAM) as synthetic polymers, in hy-
drogel wound dressing applications.

WOUND DRESSING

The compromise of skin, mucosal surfaces, or organ tissue in-
tegrity leads to the creation of a wound. Wounds may arise from
pathological processes or result from unintentional or deliber-
ate causes. During injury, numerous cellular and extracellular
pathways are activated in a meticulously regulated and coordi-

nated manner to restore the tissue integrity. The process of
wound healing is traditionally categorized into four separate
phases: (1) hemostasis, (2) inflammation, (3) proliferation, and
(4) tissue remodeling. Considering the complex nature of the
healing cascade, it is worth noting how frequently it transpires
without complications. Numerous variables can disrupt this pro-
cess, leading to delayed wound healing, increased patient mor-
bidity and death, and suboptimal cosmetic outcomes.”" Fig. 1
illustrates the stages of wound healing.*?

Numerous applications exist in the administration and
therapy of healing processes.3] Wound dressing is used to
treat various stages of the healing process.'>24 The contact
layer of a wound or surgical dressing, as delineated by the au-
thors, is the layer positioned immediately over the wound be-
fore the application of the remaining dressing components.
The authors designated the subsequent layers as the sec-
ondary dressings. Secondary dressings are often comprised of
fluff or gauze padding, rolled gauze, and an external com-
pressive layer. The contact layer is crucial because it can sig-
nificantly modify the properties of the dressings. Turner et al.
asserted that "no single dressing can create an ideal microen-
vironment for all wounds or for every healing stage of a sin-
gle wound." Consequently, the selection of the product or
substance for the contact layer must be determined based on
the specific type of wound being treated.

The wound requires regular assessment for alterations in
size, depth, exudate volume, presence of infection or necrot-
ic tissue, surrounding skin health, and patient comfort
level.2>261 Traditionally, wet-to-dry gauze has been em-
ployed for wound dressing. Dressings that establish and sus-
tain a moist environment are now regarded as ideal condi-
tions for wound healing. Moisture beneath the occlusive
dressings accelerates epithelialization and facilitates healing
through hydration and the initial presence of low oxygen ten-
sion, which enhances the inflammatory phase. Gauze lacks
these characteristics; it may hinder the healing process, as it
dries and inflicts tissue damage upon removal. It is currently
not widely utilized.l2”] A multitude of scholars have extensive-
ly engaged in the domain of wound dressing.28-371 Fig. 2 illus-
trates the primary criteria that an optimal wound dressing
must satisfy to promote wound regeneration effectively.38!

Hemostatis @ Thrombus formation

@ Vasoconstriction @ Platelet aggregation @ Activation of the coagulation cascade

Inflammation —| @ Migration of neutrophils and macrophages

@ Elimination of pathogens @ Prevention of infection

Proliferation — @ Re-epithelization @ Angiogenesis @ Synthesis of collagen @ Development of the extracellular matrix

Remodeling [— .
9 @ Promotes wound contraction

@ Activity of myofibroblasts leads to the transition from granulation tissue to mature scar tissue

Fig. 1 The different stages of wound healing (Reproduced with permission from Ref. [22]; Copyright (2023), John Wiley and Sons).
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The various categories of wound dressings include hydro-
gels, foams, films, bioactive dressings, hydrocolloids, and clas-
sic options.B9 Fig. 3 illustrates the many types of wound
dressings.[*) Hydrogel are a type of wound treatment. Hydro-
gel wound dressings safeguard damaged skin and maintain
optimal moisture levels at the wound site, thereby expedit-
ing healing by absorbing exudate. Hydrogel dressings are
composed of several types of polymers. Certain polymers are
cross-linked to enhance the structural integrity of the end
product, which typically manifests as thin sheets utilized for
application to relatively superficial wound surfaces.*"l Hydro-
gels satisfy multiple criteria for an optimal wound dressing.
They provide defenses against bacteria and novel lesions.
Furthermore, they possess the capacity to absorb substantial
quantities of water, reaching thousands of times their dry
mass. Consequently, the extensively hydrated three-dimen-
sional (3D) polymeric network facilitates the retention of ele-
vated moisture levels in the wound bed. Furthermore, they
adhere to wounds and are readily detachable. Their trans-
parency enables visual examination of the wound, and they
are customizable, easily conforming to the contours of the
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surrounding
tissue

protection
against external
pathogens

wound, thus aiding autolytic debridement and organically
driving healing through many pathways. These mechanisms
promote angiogenesis in wounds with inadequate perfusion,
modulation of immune cells within the wound, and enhance-
ment of keratinocyte and fibroblast migration during healing.
Hydrogels address certain constraints of conventional thera-
pies such as extended healing times, restricted mobility,
painful removal, and inadequate regeneration of skin ap-
pendages.B% Consequently, polymeric hydrogels have been
utilized as wound dressings.*"! Fig. 4 shows the applications
of various hydrogels.[*2

POLYMERIC HYDROGEL AS WOUND DRESSING

A diverse array of wound dressing types and material composi-
tions are now accessible in the market. Conventional dressings,
such as gauze and tulles, primarily protect wounds while facili-
tating sufficient gaseous exchange. Nonetheless, robust adhe-
sion to the wound site induces pain and further lesions during
dressing alterations. Conversely, hydrogel-based dressings alle-
viate pain in patients through a cooling effect and minimal tis-
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Fig. 2 The primary criteria that an optimal wound dressing must satisfy to effectively promote wound
regeneration (Reproduced with permission from Ref. [38]; Copyright (2022), Elsevier).
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Fig.3 The types of wound dressings (Reproduced with permission from Ref. [40]; Copyright (2022), Elsevier).
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Fig. 4 The application of various hydrogels (Reproduced with
permission from Ref. [42]; Copyright (2025), Elsevier).

sue adhesion.*?!

Hydrogels are highly hydrated polymer materials (>30%
water by weight) characterized by structural integrity main-
tained through physical and chemical intermolecular
crosslinks between polymer chains or as polymer networks
capable of swelling and retaining a substantial water volume
while remaining water-insoluble. Hydrogels, as a category of
interactive wound dressings, are utilized for uninfected, low-
exuding wounds; nonetheless, their applicability extends to
moderately or excessively exuding wounds, contingent upon
the swelling capacity of the gel. Hydrogels are commonly
used in the treatment of burns and ulcers. They also promote
autolysis, facilitate scab removal, and aid in wound washing.
Hydrogel wound dressings typically require the use of a sec-
ondary dressing to ensure adherence to the wound bed (e.g.,
a hydrocolloid). Moreover, these dressings require routine re-
placement every 2-3 days; hence, hydrogel dressings may be
non-adhesive (gelatin, alginate, or carboxymethyl cellulose)
or entirely biodegradable.*4

The hydrogels comprised approximately 90 wt% water and
10 wt% natural or synthetic polymers; this substantial water
content renders hydrogel dressings effective for managing
dry and necrotic wounds. Humid conditions generated by hy-
drogels facilitate cellular wound healing and promote effi-
cient debridement, specifically the elimination of necrotic tis-
sue and foreign substances, through the absorption proper-
ties of the hydrogel materials. Hydrogel-based dressings can
absorb as much as 1000 g of wound exudate per gram of
dressing depending on the hydrogel composition.*3! Hydro-
gels offer a distinct advantage over conventional wound
dressings because of their capacity to modify procurement
based on wound type and healing stage. Hydrogels fulfill the
majority of the requirements for contemporary wound dress-
ings, including the capacity to absorb wound exudate, the
preservation of a moist environment, facilitation of gas ex-
change, thermal insulation, incorporation of antibacterial
properties, safety, ease of removal from the wound surface,
painlessness during dressing changes for the patient, man-
ageable handling by the operating surgeon, biomechanical
and viscoelastic properties (storage and loss moduli, suture

retention strength) sufficient for suturing to the wound sur-
face or application to the wound, and a straightforward and
dependable sterilization method. Conversely, hydrophilic
polymer networks can be formed through both covalent and
non-covalent supramolecular interactions. Consequently, hy-
drogels may be categorized based on the functionalization
method (introduction of supplementary functional groups)
and polymerization mechanism (hydrogels exhibiting chemi-
cal, physical, and physicochemical gelation mechanisms). The
latter encompasses interpenetrating polymer networks. Hy-
drogels that utilize a purely physical gelation mechanism do
not require the incorporation of supplementary functional
groups for polymerization; however, they exhibit weak vis-
coelastic characteristics that are challenging to regulate. De-
spite being pseudoplastic, hydrogels with physical gelation
are restricted to applications that do not include deformation
loads, such as injectable hydrogels.[*!

Various natural and synthetic polymers have been utilized
in the formulation of wound dressings. Nature serves as an
exceptional resource, offering innovative concepts and a ro-
bust foundation for future generations. Currently, natural
polymers are favored over synthetic polymers because of
their accessibility and non-toxicity for medicinal applications
as well as their efficacy in combating bacterial infections. Nu-
merous natural polymers have been recognized for their ap-
plications in wound healing, including chitosan, which modu-
lates macrophage function to expedite the repair process;
gelatin, known for its anti-inflammatory and wound healing
properties; alginates, which exhibit hemostatic capabilities in
bleeding wounds; silk fibroin, which is characterized by
hemostatic qualities, minimal inflammation, and permeabili-
ty to oxygen and water vapor; and cellulose, which is
biodegradable and inhibits bacterial infection.22!

Multifunctional polymeric materials comprise a diverse ar-
ray of compounds with distinct characteristics and capabili-
ties. Their versatility facilitates their applications across sever-
al industries, including healthcare, drug delivery systems, ma-
terials science, and electronics. Multifunctional polymeric ma-
terials can be integrated and modified to satisfy the specific
qualities required for various applications. These materials
can be synthesized by polymerization, and their detailed fea-
tures are examined using characterization techniques.
Progress in material design, synthesis methods, and interdis-
ciplinary partnerships is anticipated to expedite the develop-
ment of multifunctional polymers with more advanced and
tailored characteristics, thus fostering scientific and techno-
logical advancements.[*5] Recently, polymer-based hydrogel
materials have emerged as superior candidates for next-gen-
eration wound dressings, exhibiting enhanced characteristics
such as high absorption capacity, favorable mechanical prop-
erties, and low adhesiveness. Furthermore, cross-linked hy-
drogel matrices function as superior carriers for the con-
trolled release of antibacterial drugs, which are favored over
traditional antibiotics because of their multiphase mecha-
nism of action and reduced propensity to induce bacterial re-
sistance. Their integration within a polymer matrix enhances
the characteristics of wound dressings and provides pro-
longed protection against bacterial infections.! ¢!

In recent years, numerous studies have focused on the de-
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velopment of polymeric hydrogels for use in wound dress-
ings.[“7=>4 Consequently, among the wound dressings pro-
duced, hydrogels have garnered the attention of researchers
owing to their inherent capacity to replicate the three-dimen-
sional structure of the skin extracellular matrix. Hydrogels are
hydrophilic three-dimensional networks that are capable of
absorbing substantial amounts of biological fluids (e.g.,
wound exudate) or water. Moreover, hydrogels can maintain
dry, sloughy, or necrotic wounds by rehydrating decaying tis-
sues (wet healing), thereby enhancing autolytic debridement
and chilling the wound surface. Consequently, hydrogels may
facilitate analgesia, thus enhancing patient compliance with
dressings. Moreover, the biodegradability of hydrogels miti-
gates the potential consequences associated with wound
dressing changes, such as tissue maceration, infection, and
discomfort or pain. Although several hydrogel-based solu-
tions are currently available, the development and enhance-
ment of improved hydrogel dressings remain a significant re-
search domain aimed at enhancing skin healing for specific
clinical applications. Antimicrobial hydrogels constitute a cru-
cial category of macromolecular antimicrobial agents that
demonstrate considerable efficacy in the prevention and
treatment of drug-resistant diseases.>* The three-dimension-
al network structure of the hydrogel enhances water absorp-
tion and retention, thereby sustaining a prolonged moist en-
vironment for wounds. The porous network structure of the
hydrogel facilitates moisture and gas exchange, as well as nu-
trition delivery, thereby enhancing wound healing and allevi-
ating wound discomfort. Hydrogels have superior biocom-
patibility, enabling them to replicate the natural extracellular
matrix environment and facilitate optimal conditions for cell
proliferation.

Hydrogel, functioning as a nonstick wound dressing, is eas-
ily applied and removed without causing secondary injury,
making it an optimal choice for wound care. Current hydro-
gel dressings fail to fulfill all the criteria for diabetic wound
management.51 Owing to their hydrophilic nature and quali-
ties, such as soft tissues, polymeric hydrogels are regarded as
primary candidates for biomaterials in the creation of wound
dressings for burn wound treatment. In this setting, polymer-

ic hydrogels provide an optimal moist environment for heal-
ing while also ensuring patient comfort because of their cool-
ing effect and non-adherent properties.>4l Fig. 5 illustrates
the categorization of natural and synthetic polymers as hy-
drogel wound dressings. Table 1 lists various physical and
chemical characteristics, together with the essential function-
al parameters pertinent to the efficacy of hydrogel wound
dressings made from different natural and synthetic poly-
mers.[56-76]

Gelatin

Hydrogels have emerged as a promising class of polymers, ex-
hibiting exceptional performance for various applications, and
can be advanced as biomaterials with highly unique properties
and diverse uses. Gelatin is derived from collagen, a by-product
of the meat industry. Consequently, transforming waste materi-
als, such as bones, skin, and cartilage, into gelatin would en-
hance their worth. Moreover, biodegradability, non-toxicity, and
facile crosslinking with other chemicals can enhance the perfor-
mance and cost-effectiveness of polymers for various applica-
tions, rendering them sustainable products with significant so-
cietal acceptance. Gelatin-based hydrogels have demonstrated
utility in various applications and exhibit significant and unique
properties. These hydrogels have been used for biomedical ap-
plications.l’”}

Gelatins are naturally derived protein polymers. These are
the primary biopolymers used in the production of hydrogels.
Gelatin has extensive applications outside hydrogels. Gelatin
is a transparent and flavorless protein that exhibits thermo-
reversible rheological properties, transitioning between sol
and gel states, and is extensively employed in the pharma-
ceutical, food, and photography sectors.’8 Many researchers
have focused on the application of gelatin-based polymeric
hydrogels in wound healing.l’9-"1 Various biomaterials have
been developed to treat chronic wounds. In situ forming poly-
meric hydrogels are extensively utilized as effective wound
care materials owing to their advantageous properties, such
as sol-gel phase transition, moisturizing effect on the sur-
rounding environment, biocompatibility, and structural re-
semblance to the native extracellular matrix. The creation of

Synthetic polymers

Fig.5 The natural and synthetic polymers as hydrogel wound dressings.
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Table 1 The physical and chemical properties, together with essential functional factors pertinent to the performance of various polymers utilised as
polymeric hydrogels in wound dressing applications.*>~7¢!
Polymer Jgf;/?n()efr Physical and chemical properties gfgszl::;t;)oe?%r’?ﬁ;?]TeEters relevant to wound Ref.
Gelatin Natural ~ Biocompatibility, biodegradability, colorless or Suitable mechanical strength and flexibility [56—58]
slightly yellow, and brittle polymer that is soluble
in hot water
Collagen Natural  Flexibility, triple helical structure, biocompatibility, Biocompatibility, flexibility, mechanical strength [59, 60]
biodegradability and stability and biodegradability
Cellulose Natural  Insolubility in water, biocompatibility, Hydrophilicity, biodegradability, biocompatibility, [61-64]
biodegradability and semi-crystalline structure and non-toxicity
Chitosan Natural ~ White to creamy-white, non-toxic, odorless Hemostatic, biocompatibility and [56, 58, 65]
powder or flake, biodegradable, and antimicrobial
biocompatible
Alginate Natural  Hydrophilic, white to yellowish-brown powder that Stability and Non-toxicity [66]
is dissolves in water, biodegradable and non-toxic
Silk fibroin Natural ~ Toughness, semi-crystalline , bio-absorbability, Excellent biocompatibility, high absorptivity [67, 68]
biodegradability, and biocompatibility and high stability
Poly(vinyl Synthetic Water-soluble, excellent film-forming ability, Nontoxic, biocompatible, ability to retain water, [69]
alcohol) (PVA) synthetic polymer that appears as an odorless, and biodegradable
white to cream-colored powder, biodegradability,
non-toxic, and biocompatible.
Poly(ethylene Synthetic  Non-toxic, neutral, non-volatile, and odorless Excellent biodegradability, biocompatibility, [70, 71]
glycols) (PEG) antifouling nature and elastomeric nature
Polyurethane Synthetic  Flexibility, abrasion, biocompatibility and Easier processability, excellent biocompatibility, [72]
(PU) biodegradability unique mechanical strength, and flexibility
Polyvinylpyrro- ~ Synthetic  Biocompatibility, non-toxicity, excellent film- [73,74]
lidone (PVP) forming inertness, high chemical and thermal
resistance, solubility in water and broad range of ~ Non-toxicity, good biocompatibility and
liquid media, unique wetting, and binding hemocompatibility
Polyacrylamide  Synthetic Stability, water-soluble , biocompatible and Low toxicity and great flexibility [75,76]
(PAM) lack of easy degradation

bioactive hydrogels that provide artificial cellular microenvi-
ronments or activate adjacent tissues via physicochemical
and biological stimuli is an emerging topic in hydrogel pro-
duction.

Gelatin-based hydrogels have garnered significant interest
as bioactive matrices because of their biocompatibility, di-
verse functional groups for chemical modification, and
biodegradability. One study examined the advancement and
application of gelatin-based hydrogels in wound treatment
and tissue regeneration.’?] Additional research has delineat-
ed an in situ-forming hydrogel wound dressing composed of
gelatin, oxidized alginate, and borax. The wound-healing effi-
cacy of the hydrogel was assessed in experimental full-thick-
ness wounds using a rat model, revealing that within two
weeks, the wound treated with the gel was entirely filled with
new epithelium, exhibiting no major adverse responses.
These in situ-forming hydrogels satisfy numerous essential
criteria for effective wound dressing materials.[8 Another re-
search study focused on the creation of pectin-gelatin (PEGE)
hydrogel membranes for use in wound dressings. Examina-
tion of the water vapor transfer rate (WVTR) of the hydrogel
membranes demonstrated their moisture-retentive capabili-
ties, suggesting their potential applications in moist wound
care. The PEGE hydrogels were cytocompatible with B16
melanoma cells.[8]

In a separate study, researchers created horseradish peroxi-
dase (HRP)-catalyzed sprayable gelatin hydrogels (GH) as
bioactive wound dressings capable of delivering chemotactic
cytokines to wound tissues for diabetic wound healing. Re-
searchers have proposed that cell-recruiting chemokine-load-
ed GH hydrogel dressings can function as delivery systems for
diverse  therapeutic proteins in  wound healing

applications.82! Lu et al. reported the development of a hy-
drogel wound dressing, Gel&Fuc-TA, composed of tilapia fish
skin gelatin (Gel), fucoidan (Fuc), and tannic acid (TA), aimed
at enhancing wound healing through the combination and
reaction of these components. In conclusion, the Gel&Fuc-TA
hydrogel synthesized using a rational green cross-linking pro-
cess can significantly enhance wound healing.83! The bene-
fits of utilizing gelatin include its availability, elevated carbon
content, affordability, biodegradability, and non-toxicity. The
rheological properties of gelatin-based hydrogels can be ad-
justed by modifying factors such as the concentrations of the
photo-initiator and polymer, as well as the duration of UV
light exposure or the polymerization time and intensity.l78]
This hydrogel has been used in wound-healing
applications.”2!

Collagen

Collagen is the predominant structural protein found in con-
nective tissues, such as tendons, skin, cartilage, and bones in
mammals. The intricate in vivo manufacturing of natural colla-
gen, encompassing several intracellular and extracellular pro-
cesses, results in a multi-hierarchical fibrous structure. The
bioactivity of collagen depends primarily on its tertiary struc-
ture. In recent decades, collagen biomaterials have garnered
significant attention for biological applications because of their
exceptional features, including minimal immunogenicity, hy-
drophilicity, biodegradability, biocompatibility, and ease of
manufacturing. Nonetheless, collagen is adversely affected by
inadequate physical and chemical properties including me-
chanical strength, thermal stability, and enzymatic resistance.
Consequently, the alteration of collagen throughout the prepa-
ration process is essential.”* It is the predominant protein in the
extracellular matrix (ECM). It encompasses various tasks, such as
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imparting strength and structural integrity, guiding cell adhe-
sion and migration, and modulating cellular growth and
metabolism during development and repair.

To date, 28 collagen types have been identified and charac-
terized; the predominant fibrillar collagen types in the skin
are types |, lll, and V. Collagen | is the predominant type, com-
prising around 70% of skin collagen. Type Il collagen is fre-
quently present with type | collagen, constituting 15% of skin
collagen, whereas collagens IV, V, VI, and VIl comprise the bal-
ance. Owing to its biodegradability, biocompatibility, and
hemostatic properties, as well as its advantages in wound
healing, incorporating collagen into wound dressings can en-
hance the essential wound healing process.[°4l Collagen has
emerged as a fundamental component in biomaterial design
for several biomedical applications including tissue engineer-
ing, wound healing, and regenerative medicine, owing to its
mechanical strength, biocompatibility, biodegradability, and
flexibility. Collagen, a significant component of the extracellu-
lar matrix (ECM), exhibits structural complexity owing to its
various types and hierarchical organization, which facilitates
the creation of a triple helix structure that imparts stability
and tensile strength. These attributes are crucial for maintain-
ing the integrity of several tissues and organs.!

Collagen, a natural structural protein, participates in all
three phases of the wound-healing cascade. It also promotes
cellular migration and facilitates the formation of new tissues.
Owing to their chemotactic actions on wound fibroblasts, col-
lagen dressings promote the deposition and organization of
newly synthesized collagen, thereby generating a conducive
environment for healing. Collagen-based biomaterials stimu-
late and recruit specific cells, including macrophages and fi-
broblasts, throughout the healing process to augment and
modulate wound healing. These biomaterials can offer either
moisture or absorption, depending on the distribution mech-
anism. Collagen dressings are simple to apply and remove
and exhibit conformability. Collagen dressings are often com-
posed of bovine, avian, or porcine collagens. Oxidized regen-
erated cellulose, a plant-derived substance, has been amalga-
mated with collagen to create a dressing that may adhere to
and safeguard growth factors by binding and inactivating
matrix metalloproteinases within the wound environment.[!

An optimal wound dressing must maintain a moist envi-
ronment, protect against secondary infections, eliminate
wound exudates, and facilitate tissue regeneration. Currently,
no wound dressing meets all criteria for diabetic ulcer man-
agement. The selection of the wound dressing technique
should be based on the type and stage of the wound, extent
of harm, patient status, and the tissues involved. Collagen-
based dressings have garnered significant interest for wound
treatment. In addition to serving as an inducer of cell signal-
ing, collagen-based dressings may enhance healing out-
comes by functioning as sacrificial substrates that deactivate
excessive matrix metalloproteases.°6971 Research has fo-
cused on designing hydrogel wound dressings that utilize
collagen as a biocompatible and biodegradable poly-
mer.°7-106] To assess the impact of collagen hydrogel dress-
ing on the healing of skin defects and examine its role in facil-
itating capillary regeneration in a diabetic rat model. Seven
days after administration, rats in the normal control group ex-

hibited accelerated wound healing, achieving the most rapid
recovery by day 14. On day 14, the non-healing region was
the most extensive in the model group. After 21 days, the
non-healing area in the normal control and experimental
groups was less than that in the other two groups, whereas at
28 days, the normal control and positive control groups ex-
hibited smaller areas than the other two groups. The healing
area in the experimental group exceeded that in the positive
control group at 14 and 21 days, and the number of new cap-
illaries in the experimental group was maximal on day 7, day
14, and day 21. Collagen hydrogel dressings can enhance the
rate and quality of full-thickness wound healing in diabetic
rats.7]

One study indicated that wound dressing is crucial for
wound healing, as it not only safeguards the site from exter-
nal interference, but also creates an optimal environment for
closure. Nevertheless, most wound dressings require supple-
mentary active components to facilitate the healing process.
To create novel dressings with inherent healing properties, an
injectable hydrogel composed of collagen | and hyaluronic
acid was formulated to replicate the extracellular matrix for
vascular cell proliferation and wound closure. Collagen and
hyaluronic acid synergistically enhanced wound healing.[°8
Ge et al. described the synthesis of collagen and collagen hy-
drogels derived from tilapia skin and assessed their efficacy as
wound dressings for refractory wounds. Acid-soluble colla-
gen (ASC) and pepsin-soluble collagen (PSC) were also isolat-
ed. Experiments on skin repair and pathological analysis have
demonstrated that collagen hydrogel wound dressings can
markedly accelerate the healing of severe second-degree
burn wounds and the formation of new skin appendages,
making them applicable for the treatment of diverse refracto-
ry wounds.[®”! Wang et al. reported a multifunctional hydro-
gel dressing that exhibited antibacterial properties under hy-
poxic conditions, thereby enhancing wound healing. The hy-
drogel consisted of Cyp-conjugated antimicrobial peptides
(AMP-Cypates), liposome-encapsulated perfluorodecalin, and
recombinant type Ill collagen.

Hydrogel dressing serves as a medium for incorporating
various antibacterial strategies to facilitate the swift eradica-
tion of bacterial infections and the repair of chronic
wounds.['09 The enhanced understanding of biochemical
mechanisms in chronic wound healing will facilitate the de-
velopment of wound care products designed to rectify imbal-
ances in the wound microenvironment. Conventional ad-
vanced wound care products often focus on the wound
macroenvironment, encompassing moisture regulation, fluid
management, and controlled evaporation of wound exudate.
The latest generation of biomaterials and wound-healing
agents, including collagen and growth factors, addresses par-
ticular deficiencies in the chronic wound environment. In vit-
ro laboratory results suggest that these medications may en-
hance the wound healing process at a biochemical level. Sub-
stantial data suggest that collagen-based dressings may stim-
ulate healing by altering wound biochemistry.[]

Cellulose

Cellulose is a complex carbohydrate and crucial structural com-
ponent of plant cell walls, including elongated chains of glu-
cose molecules that create a stiff framework, imparting strength
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and support to plants. Cellulose, the most abundant natural
polymer, is an exemplary prospect for the production of envi-
ronmentally sustainable and economically feasible polymeric
products that have conventionally been derived from
petroleum-based synthetic polymers. It is the most prevalent re-
newable resource in the biosphere and is economically viable,
nontoxic, and biodegradable. The physical and chemical fea-
tures of cellulose, including its insolubility in water, semi-crys-
talline structure, high tensile strength, biodegradability, and
chemical reactivity, render it exceptionally adaptable.’"’ Cellu-
lose is the most prevalent natural organic polymer on the planet.

To date, the utilization of cellulose has been examined for
several applications. Nonetheless, cellulose has limited solu-
bility in water and in most organic solvents. Consequently,
particular solvent systems, including NaOH/urea, NaOH/
thiourea, lithium chloride, and ionic liquids, must be used to
modify cellulose applications. A hydrogel is a three-dimen-
sional network structure capable of retaining significant
quantities of water and is heavily reliant on its crosslinking
properties. Utilization of an appropriate technique for a des-
ignated aim is essential.l'?”! Cellulose is the primary structural
component of the plant cell walls. Cellulose possesses excep-
tional properties including recyclability, adjustable surface
qualities, reduced toxicity risks, biodegradability, and bio-
compatibility.

There are three recognized varieties of nanocellulose: bac-
terial nanocellulose, cellulose nanocrystals, and cellulose
nanofibers. Bacterial nanocellulose is utilized for antibacterial
wound healing and can securely and efficiently enhance
wound recovery.['98 Some researchers have reported the use
of polymeric hydrogel-based cellulose as wound
dressing.[199-1201 One study involved the development of nov-
el hydrogel membranes using hydroxyethyl cellulose (HEC)
augmented with tungsten oxide for enhanced application in
wound therapy. HEC hydrogel membranes were synthesized
and crosslinked using citric acid (CA). The present methodolo-
gy confirmed that HEC modified with tungsten oxide might
serve as a viable and safe option for wound dressing materi-
als.[109]

A separate study used cellulose derived from multiple
sources in Ecuador as the primary material for producing hy-
drogels with improved antifouling characteristics. In vitro and
ex vivo assays were conducted to assess the antibacterial effi-
cacy of the hydrogels against gram-negative bacteria as a
model organism. The hydrogel made from cellulose derived
from pitahaya exhibited enhanced antibacterial efficacy
when applied to pig skin, serving as a proof-of-concept for
wound dressings. Consequently, the current findings indi-
cate that cellulose-based hydrogels are suitable candidates
for wound dressings.[''% A study developed a cellulose hy-
drogel via the sol-gel method and enhanced it with nonwo-
ven cotton for sustainable wound-dressing applications. The
engineered composite hydrogels demonstrated effective
moisture control and air permeability, both of which are cru-
cial for optimal wound healing. The analysis of the wound ex-
udate showed that the fluid absorption capacity of the cellu-
lose hydrogel nonwoven cotton composite was significantly
enhanced relative to that of pure nonwoven cotton. The find-
ings revealed the successful creation of a hydrogel with

superior absorption, antibacterial, and durability characteris-
tics.111]

Gupta et al. examined the green production of nanoparti-
cles using curcumin, a natural polyphenolic chemical recog-
nized for its wound-healing properties, as a reducing agent.
The hydrophobic nature of curcumin was mitigated by its mi-
croencapsulation in cyclodextrins. This study illustrates the
synthesis and characterization of AgNPs using an aqueous
curcumin:hydroxypropyl-B-cyclodextrin  combination, fol-
lowed by their incorporation into a bacterial cellulose hydro-
gel that exhibits wet wound-healing capabilities. Silver
nanoparticle-embedded bacterial-cellulose hydrogels were
evaluated for wound treatment applications. In addition to
demonstrating great cytocompatibility, these innovative
dressings displayed antibacterial efficacy against three preva-
lent wound-infecting pathogens: Candida auris, Staphylococ-
cus aureus, and Pseudomonas aeruginosa.l''2 Xue et al. report-
ed that cellulose hydrogels, utilized as wound dressings, were
loaded with Fe to obtain a three-dimensional (3D) porous cel-
lulose/Fe composite hydrogel (cellulose/Fe gel). The ob-
tained hydrogel exhibited excellent cell compatibility, effec-
tively stimulated the formation of new blood vessels, signifi-
cantly reduced the levels of inflammatory factors, and pro-
moted wound healing. The hydrogel demonstrated consider-
able potential as a wound healing dressing material.[''3!

The research conducted by Lagin prepared and character-
ized chloramphenicol (CAP)-loaded 2,3 dialdehyde cellulose
(DABC) hydrogel membranes and assessed their antibacterial
activity. This newly produced medication, including DABC hy-
drogel membranes, appears to be exceptionally appropriate
for wound healing owing to its distinctive attributes of bio-
compatibility, biodegradability, and antibacterial efficacy.l''4!
Ultimately, cellulose and its derivatives exhibit excellent bio-
compatibilities. Moreover, the resorption of cellulose within
cells does not occur because cells lack the capacity to synthe-
size cellulase enzymes. The wound healing efficacy of cellu-
lose stems from its capacity to expedite the healing process
by sustaining and releasing various growth factors at the
damage site, including basic fibroblast, phosphodiesterase,
and epidermal growth factors. These growth factors facilitate
the migration and proliferation of dermal fibroblasts and in-
hibit bacterial development in wounds.[''®! Consequently,
cellulose is an excellent choice for use as a basis for polymer-
ic hydrogels in wound dressings.

Chitosan

Chitosan is a natural cationic copolymer with significant rele-
vance in hydrogel architectures. This polymer possesses hy-
drophilic characteristics and can be degraded by human en-
zymes, thereby achieving biocompatibility and biodegradabili-
ty, which are the two essential biological properties for biomed-
ical devices. Chitosan is recognized for its biocompatibility and
biodegradability, and its degradation products are nontoxic and
nonimmunogenic. Chitosan possesses bioadhesive and bacte-
riostatic properties and functions as an antioxidant, chelating,
and hemostatic agent. This polymer can regulate hemorrhage
by integrating a procoagulant that facilitates expedited clot for-
mation. Chitosan has garnered interest in various sectors, in-
cluding cosmetics, pharmaceuticals, medicine, food, and agri-
culture.
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Chitosan has various pharmaceutical applications includ-
ing wound dressing, drug and gene delivery, tissue repair,
and tissue engineering.l'2" Chitosan is a naturally derived
polymer used in hydrogels, commonly referred to as hydro-
colloid-based wound dressings. This polymer is both
biodegradable and biocompatible. Furthermore, chitosan
possesses antibacterial properties and optimal moisture ab-
sorption capacity, which are crucial for expedited re-epithe-
lialization and healing processes.['2?! Different formulations of
chitosan-based hydrogel wound dressings can enhance
wound healing at distinct intervals and mitigate adverse vari-
ables that impede the healing process. Chitosan-based hy-
drogels are considered occlusive dressings for wound heal-
ing because of their capacity to enhance wound contraction
and healing.l'23]

Numerous studies have investigated the use of chitosan-
based hydrogels as wound dressings.['22-1351 A study evaluat-
ed the enhanced wound healing effectiveness of Pluronic F68
in chitosan hydrogel dressings. A comparison was conducted
to assess re-epithelialization and healing using two addition-
al hydrogel formulations, chitosan/PVA and chitosan/sodium
alginate. No pharmaceutical agents were used in the formula-
tions because chitosan exhibits all the requisite characteris-
tics of an effective wound dressing material. To date, various
studies have been conducted on similar polymer combina-
tions; however, only a limited number of studies have docu-
mented the intrinsic efficacy of these polymeric combina-
tions in re-epithelialization and wound healing, particularly
regarding the combination of chitosan and Pluronic F68.1122
A fabric-skeleton-reinforced chitosan (CS)/Bacterial nanocel-
lulose (BNC) hydrogel exhibiting excellent mechanical relia-
bility and antibacterial properties has been reported. The hy-
drogel was prepared using an efficient dynamic culture that
preserved the nanofibrillar structure. Fabric-reinforced
CS/BNC composite hydrogel is an optimal candidate for ad-
vanced wound dressings. From an alternative viewpoint, the
application of BNC or CS/BNC may enhance traditional cot-
ton gauze wound dressings, alleviating discomfort during the
healing process, particularly in burn patients.['24

Chitosan-based hydrogels were synthesized by grafting
poly(acrylic acid) (PAA) and poly(hydroxyethyl methacrylate)
(pHEMA) via UV polymerization to enhance their hydrophilici-
ty and mechanical properties. Biological characterization indi-
cated that the chitosan-based hydrogel preserved its throm-
bogenic and antibacterial properties. The in vivo wound heal-
ing study indicated that the hydrogel-embedded epidermal
growth factor (EGF) exhibited a superior wound healing rate
compared to other dressings.['2] Lungu et al. reported the
synthesis of a chitosan-based hydrogel exhibiting biocompat-
ibility and antimicrobial properties suitable for wound heal-
ing, which was achieved through an acid condensation reac-
tion with 2-formyl-phenyl-boronic acid, resulting in imine
units and their supramolecular organization into ordered
clusters that served as crosslinking nodes. The hydrogel
demonstrated non-toxicity towards normal human skin fi-
broblasts and exhibited antimicrobial efficacy against signifi-
cant pathogens, including C. albicans, E. coli, and S. aureus. Ex-
amination of hydrogel biodegradation in relation to the pH of
the wound exudate during the healing period revealed that

the biodegradation rate is influenced by pH, promoting re-
epithelization and minimizing traumatic debridement.l'26]

In one study, MXene (a 2D carbonitride) was utilized as the
substrate, resulting in the formation of the photothermal
agent MXene-Ag-PDA through the in situ reduction of silver
nanoparticles and polymerization of dopamine on its
surface.l'?”1 The hydrogel matrix was further infused with a
block cationic polymer (AM-VBIMBr-AAPBA), oxidized sodium
alginate (OSA), and quaternary ammonium chitosan (HACC).
Hydrogel dressing was utilized for the treatment of infected
wounds, effectively managing the infection, diminishing pro-
inflammatory factor production, and enhancing collagen de-
position and neovascularization, thereby facilitating wound
healing. Consequently, multifunctional composite hydrogels
exhibiting synergistic antibacterial properties may serve as in-
novative dressings for the management of bacterial-infected
wounds. Zhong et al. reported the fabrication of an antibacte-
rial and antioxidant hydrogel exhibiting rapid self-healing ca-
pabilities through dynamic borate ester cross-linkages be-
tween catechol-grafted chitosan (CS-CA) and polyvinyl alco-
hol facilitated by borax and the addition of ellagic acid (EA).
These multifunctional hydrogels exhibited significant regen-
erative properties in wound healing, as demonstrated by in
vivo evaluations in a full-thickness skin defect model, under-
scoring their considerable potential as effective wound dress-
ings for wound treatment.['28] Ultimately, functional active
wound dressings are anticipated to maintain a moist wound
environment, safeguard against secondary infections, elimi-
nate wound exudates, expedite tissue regeneration, and en-
hance the efficacy of wound healing.

Chitosan-based hydrogels are regarded as optimal materi-
als for promoting wound healing because of their antibacteri-
al, biodegradable, non-toxic, biocompatible, and biologically
adhesive properties as well as their hemostatic effects and bi-
ological activity. Chitosan-based hydrogels have been shown
to enhance wound healing at various stages, and can miti-
gate variables that impede healing, such as excessive inflam-
mation and chronic wound infection. The distinctive biologi-
cal characteristics of a chitosan-based hydrogel allow it to
function as both a wound dressing and a drug delivery sys-
tem (DDS) for the administration of antibacterial agents,
growth factors, and stem cells, thereby potentially enhancing
wound healing. Chitosan-based hydrogels enhance wound
healing efficacy for various wound types by combining or
modifying them with other polymers, including diverse ac-
tive ingredients.['23]

Alginate

Alginate is a biopolymer used in numerous biomedical applica-
tions owing to its advantageous characteristics, including bio-
compatibility and non-toxicity. Thus far, it has proven to be very
appealing for wound healing applications. It can be customized
for materials with qualities conducive to wound healing. Algi-
nate has been utilized to fabricate several materials for wound
dressings, including hydrogels, films, wafers, foams, nanofibers,
and topical formulations. Alginate-based wound dressings can
absorb surplus wound exudate, sustain a physiologically moist
environment, and reduce bacterial infections at wound sites.
The therapeutic efficiency of these wound dressings is contin-
gent upon the ratio of polymers combined with alginate, type
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of crosslinkers employed, duration of crosslinking, nature of ex-
cipients utilized, integration of nanoparticles, and presence of
antibacterial agents.['3%!

Owing to its hydrophilic properties, alginate can assume
various forms (dressings, hydrogels, beads, blends, gels, flexi-
ble fibers, films, polyelectrolyte complexes, foams, electro-
spun scaffolds, injections, ropes, microparticles, micro-
spheres, nanoparticles, sponges, powders, and sheets) suit-
able for application in post-traumatic or exuding wounds (ul-
cers), while minimizing contamination, either as an indepen-
dent biomaterial or in diverse combinations.['] Infection is a
primary factor contributing to the chronicity of wounds!'38],
rendering alginate a suitable option for wound dressing, par-
ticularly in hydrogel formulations.['37) Numerous studies have
used alginate hydrogels as wound dressings.[39-1>1] Pereira
et al. reported the synthesis and characterization of
alginate/Aloe vera hydrogel films intended for use as dress-
ings in wound healing and drug delivery applications.'39
One study indicated that natural polymer-based hydrogel
sheets possess significant promise for biomedical applica-
tions and are suitable candidates for wound dressings. This
study aimed to create simvastatin-loaded crosslinked algi-
nate-pectin hydrogel films using ionic crosslinking to en-
hance the mechanical properties, wound fluid absorption,
and drug release kinetics. Crosslinking enhances the mechan-
ical properties and wound fluid absorption capacity of the
dressings.['401 A review paper indicated that among the vari-
ous polymers employed in hydrogel preparation, polysaccha-
rides have garnered significant attention in the pharmaceuti-
cal domain. Sodium alginate (SA), a biocompatible,
biodegradable, and non-toxic polysaccharide, possesses sev-
eral distinctive physicochemical properties that render it suit-
able as a drug delivery vehicle.l'4]

Recent advancements in the applications of alginate-based
hydrogels have identified them as effective wound
dressings.['41l Zheng et al. engineered and produced a hydro-
gel dressing (CBD/Alg@Zn) including cannabidiol (CBD) by
the ionic crosslinking interaction between ZnZ+ ions and algi-
nate polymer (Alg). Zheng et al. proposed that a CBD/Alg@Zn
hydrogel may serve as a viable candidate material for wound
dressing and skin tissue engineering.['4?! Ishfaq et al. created
sodium alginate-based hydrogel sheets infused with Betula
utilis bark extract in another investigation. These hydrogel
films were fabricated using the solvent-casting crosslinking
technique and their wound-healing efficacy was assessed. In
conclusion, the extract-infused hydrogel dressing effectively
exhibited cutaneous wound healing.[43]

A simple one-pot photocrosslinking technique was devel-
oped to create multifunctional sodium alginate-based hydro-
gel dressings for efficient wound healing. In vitro drug release
and antibacterial assays demonstrated that the hydrogel pos-
sessed significant antibacterial efficacy against P. aeruginosa
and S. aureus. The hemostatic properties of the hydrogel were
evidenced through coagulation activation test, whole blood
clotting test, and blood cell and platelet adhesion experi-
ments. These results indicate that sodium alginate-based hy-
drogels possess significant promise as multifunctional medi-
cal dressings for wound healing.l'#4! A separate study demon-
strated that sodium alginate/gelatin (SA/G) hydrogels were

formulated to provide wound dressings that exhibited favor-
able moisture retention, healing efficacy, and biocompatibili-
ty. These data suggest that the SA/G hydrogel is a viable
wound dressing material that provides and sustains the nec-
essary moist environment to prevent scab development and
dehydration of the wound bed.['% Consequently, alginate is
a natural polymer that is extensively utilized in the biomedi-
cal and engineering domains owing to its excellent biocom-
patibility and liquid absorption properties. For decades, algi-
nate-based hydrogels have been utilized in wound dressings,
drug delivery, and tissue engineering applications.!'>"]

Silk Fibroin (SF)

Silk is a premium natural material derived from cocoons of silk-
producing silkworms. It consists mostly of silk fibroin (SF) and
silk sericin. Silk fibroin constitutes approximately 75% of the silk
composition. The molecular chain consists of three subunits:
heavy chain (H chain), light chain (L chain), and P25 protein in a
molar ratio of 6:6:1. The structural composition of silk fibroin can
be categorized into amorphous and crystalline domains. The
well-aligned crystalline structure along the fiber axis confers sig-
nificant strength to the silk. Under stress, the amorphous region
of silk absorbs most of the energy, resulting in increased tough-
ness. Silk fibroin, owing to its remarkable biocompatibility, con-
trollable degradation, and facile processability, has been uti-
lized in textiles, food, cosmetics, biomedical science, biosensing,
and tissue engineering as nanofibers, microspheres, hydrogels,
membranes, and scaffolds.>%

SF, a natural polymer derived from silk cocoons, has a
unique combination of characteristics such as biocompatibili-
ty, biodegradability, minimal immunogenicity, exceptional
mechanical strength, and water absorption, which closely
correspond to the requirements of modern wound care. Their
exceptional biocompatibility enables smooth integration
with host tissues, thereby reducing the likelihood of rejection
or negative reactions. Moreover, its inherent degradability
enables regulated release of therapeutic molecules, fostering
an ideal microenvironment for healing.['>3! SF hydrogel exhib-
ited considerable promise for use in wound healing applica-
tions."> Numerous studies have focused on the utilization of
SF hydrogels as wound dressings.[155-165]

A study created a supramolecular hydrogel including SF,
acryloyl-B-cyclodextrin (Ac-CD), and 2-hydroxyethyl acrylate
using a straightforward photopolymerization technique un-
der UV irradiation, demonstrating superior efficacy as a
wound dressing compared to commercial alternatives. Self-
healing SF-based hydrogels are highly valuable for wound
healing and enhance the fabrication techniques of SF-based
self-healing biomaterials.">5! Silk fibroin hydrogels, sourced
from Bombyx mori cocoons, demonstrate potential efficacy in
wound healing owing to their superior biocompatibility, re-
duced immunogenicity, and biodegradability. Numerous
studies have indicated that silk fibroin is a promising wound
dressing material capable of facilitating the adhesion and
proliferation of various human cells in vitro. The efficacy of
wound healing in rats using the produced fibroin hydrogels
was assessed in a full-thickness wound model and compared
to the clinically utilized chitosan.['5¢!

Dong et al. developed a carbon-based composite in-
jectable silk fibroin hydrogel as a multifunctional wound
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dressing with effective antibacterial properties, cellular com-
patibility, and in vivo wound closure capabilities. The results
of this study may pave the way for the development of multi-
functional biopolymeric hydrogels that facilitate expedited
burn wound treatment and successfully inhibit bacterial in-
fections in the microenvironment.l'571 A study indicated that a
straightforward technique was devised to integrate the anti-
inflammatory and antibacterial agent rhein into the SF matrix
to create a hydrogel dressing. The SF/rhein hydrogels acceler-
ated the healing of burn wounds by reducing inflammation,
facilitating angiogenesis, and promoting the formation of
skin appendages, making them suitable candidates for
wound dressings.[158]

Another study developed an innovative in situ-forming hy-
drogel dressing by integrating SF, a natural biopolymer with
adjustable structural and bioactive properties, with poly(vinyl
butyral) (PVB), creating an optimal system for delivering ac-
tive substances for wound healing, with extensive applica-
tion potential in skin wound management. This study offers a
clinically applicable alternative for acute wound care through
the integration of quick in situ film creation, adjustable molec-
ular weight bioactivity, and outcomes that minimize scarring,
thus addressing significant deficiencies in existing wound
treatment methods.">? In a previous study, methacrylated
silk fibroin (SFMA) was integrated with &-polylysine (EPL) and
manganese dioxide nanoparticles (BMNPs) to create an
SF@(EPL-BM) hydrogel that exhibited in situ formation, an-
tibacterial, and antioxidant characteristics. The findings of this
investigation affirm that this multifunctional hydrogel dress-
ing has significant potential for chronic wound healing.[60]
SF-based hydrogels exhibit significant potential for wound
healing and dressing applications.['>2

Poly(vinyl alcohol) (PVA)

PVA is a synthetic polymer that is water-soluble. Its backbone
consists solely of carbon atoms, and it is biodegradable in both
aerobic and anaerobic environments. PVA has diverse physico-
chemical properties, including viscosity, film formation, emulsi-
fication, dispersion capability, tensile strength, and flexibility,
and is thermally stable, sticky, and solvent-tolerant.'5 PVA is a
biodegradable, semi-crystalline synthetic polymer used in
biotechnology applications, including wound healing, tissue re-
generation, and drug delivery systems.!'®”!

In recent years, PVA-based wound dressings have gar-
nered significant attention owing to their superior attributes,
including biocompatibility, nontoxicity, affordability, and
biodegradability. PVA serves as a wound dressing material
that establishes a moist wound environment, enhances the
physical qualities of the dressing, and accelerates wound
healing rates. PVA can be combined with various organic and
inorganic substances and is applicable for drug delivery and
wound healing.l'”1 Polymeric hydrogels are innovative soft
biomaterials that have numerous applications in medicine, in-
cluding wound dressings and wound care management.!8
PVA is currently one of the most prevalent and oldest syn-
thetic polymer hydrogels, utilized in several sophisticated
biomedical applications, such as wound dressing and man-
agement, owing to its excellent biocompatibility.['6%!

PVA hydrogels have been identified in various applications,
including drug delivery (hollow microparticles with or with-

out gas), cell encapsulation, wound dressings, artificial menis-
ci, vascular grafts, biosensors, and nucleus pulposus implants.
Nevertheless, hydrogels synthesized with chemicals may ex-
hibit cytotoxicity owing to leaching of the remaining
crosslinking agents from the gels. Hydrogels produced by
physical methods or radiation exhibit minimal toxicity.[1%6]
PVA has been extensively studied for the production of hy-
drogel-based wound dressings.l'’9-1811 In a previous study, a
nanocomposite hydrogel wound dressing was developed to
enhance the characteristics by combining polyvinyl alcohol
hydrogel with organoclay, specifically Na-montmorillonite,
through the freezing-thawing procedure. The findings also
demonstrate that the amount of clay incorporated into the
nanocomposite hydrogel is a critical factor in achieving the
desirable characteristics necessary for wound dressing.['79!

A hydrogel wound dressing composed of PVA was synthe-
sized using a freeze-thaw cyclic technique. The strong corre-
lation between the experimental and mathematical mod-
elling outcomes in the initial phases of the dehydration pro-
cess indicates that diffusion is the primary element influenc-
ing the dehydration of these wound dressings.['”! Oliveira et
al. reported that PVA hydrogels have potential applications in
burn healing. AgNPs can be produced within PVA hydrogels,
resulting in antibacterial hydrogels. Both PVA-Ag samples ex-
hibited appropriate mechanical and swelling properties
across all media, indicative of probable burn-site
conditions.['72]

Abd El-Mohdy successfully manufactured nanosilver/
PVA/cellulose acetate/gelatin hydrogels for use in wound
dressings. The nanosilver/PVA/CA/GEL hydrogel demonstrat-
ed antibacterial efficacy against a diverse range of fungi and
bacteria. This study proposed the application of nanosilver
hydrogels as wound dressings.['73] One study aimed to devel-
op and analyze a hydrogel composed of SF and PVA
crosslinked using dialdehyde starch (DAS), eliminating the
need for traditional chemical crosslinkers. The enhanced char-
acteristics of the hydrogels suggest the possibility of broad-
ening the applications of SF:PVA hydrogels as wound dress-
ing materials.'741 Another study assessed the efficacy of hy-
drogels composed of PVA, water-soluble chitosan, and glyc-
erol, produced through irradiation and subsequent freeze-
thawing, as wound dressings. The MTT assay indicated that
the hydrogel extract was nontoxic to L929 mouse fibroblasts.
Compared with gauze dressings, hydrogels can expedite the
healing of full-thickness wounds in a rat model. These find-
ings suggest that it is an effective wound dressing.l'’5] PVA
hydrogels exhibit insufficient elasticity, stiff membranes, and
partial hydrophilic properties, limiting their efficacy as stan-
dalone wound treatment polymeric membranes.!['82]

Poly(ethylene glycols) (PEG)

PEG, a high-molecular-weight polymer that readily dissolves in
water, demonstrates strong compatibility with many organic
substances, and possesses superior moisture retention, lubricity,
dispersibility, and adhesiveness.l'®?! PEG has evolved as a multi-
faceted polymer with extensive use in the biomedical and food
sectors because of its distinctive physicochemical features, such
as superior biocompatibility, hydrophilicity, and ease of modifi-
cation. In the biomedical domain, PEG-based polymers have
shown significant potential in wound healing, tissue engineer-

https://doi.org/10.1007/5s10118-026-3593-x


https://doi.org/10.1007/s10118-026-3593-x
https://doi.org/10.1007/s10118-026-3593-x
https://doi.org/10.1007/s10118-026-3593-x
https://doi.org/10.1007/s10118-026-3593-x
https://doi.org/10.1007/s10118-026-3593-x
https://doi.org/10.1007/s10118-026-3593-x
https://doi.org/10.1007/s10118-026-3593-x

Parham, S.and Leg, S. L./ Chinese J. Polym. Sci. 2026, 44, 1420-1443 1431

ing, and drug delivery systems. PEG hydrogels have attracted
considerable interest because of their capacity to encapsulate
and release therapeutic drugs in a regulated fashion, with stim-
uli-responsive systems providing customized drug-release
mechanisms.['84

Several studies have focused on the application of PEG hy-
drogels in wound dressings.l'85-1961 Currently, hydrogels are
extensively utilized in advanced research because of their de-
sirable qualities. A previous study investigated the impact of
chitosan-polyethylene glycol (Ch-Peg) hydrogels on the heal-
ing of burn wounds in rats. In a secondary burn rat model, all
hydrogels demonstrated substantial efficacy in wound heal-
ing relative to the controls.'®] In a separate investigation,
flexible synthetic hydrogel sealants were prepared using PEG
components. The in vitro biocompatibility of the dressings
was assessed to evaluate sensitization, cytotoxicity, pyrogen
toxicity, systemic toxicity, and irritation, in accordance with
the International Organization for Standardization 10993
standards, as well as the in vivo effects of the hydrogel sam-
ples, using Coloskin liquid bandages as control samples for
potential wound closure.[86]

A study developed an injectable hybrid hydrogel dressing
system utilizing a PEG-based thermoresponsive hyper-
branched multiacrylate functional copolymer and thiol-modi-
fied hyaluronic acid in conjunction with adipose-derived stem
cells (ADSCs). This hydrogel material, in conjunction with AD-
SCs, inhibits wound contraction and promotes angiogenesis,
indicating its potential as a bioactive hydrogel dressing for
wound healing.l'8" In a previous study, mixtures of PVA and
PEG with calcium chloride (CaCl,) were subjected to gamma
irradiation to produce transparent hydrogels for wound
dressing applications. In this system, CaCl, served as both a
gelling agent and a plasticizer. The use of CaCl, amplified the
effects of PEG, resulting in a novel hydrogel with enhanced
properties. The effect of the hydrogel on cell proliferation was
assessed to confirm that it does not emit substances that are
potentially harmful to cell growth. These findings indicate
that the hydrogel may serve as a viable wound-dressing ma-
terial.l'88l

Ajji et al. created hydrogel wound dressings using the gam-
ma-ray irradiation approach. The hydrogel dressing consisted
of poly(vinyl pyrrolidone) (PVP), PEG, and agar. The formulat-
ed hydrogel dressings may serve as effective barriers against
microorganisms.['891 A previous study suggested the develop-
ment of a silver nanoparticle-embedded chitosan-PEG hydro-
gel to improve wound healing in patients with diabetes. The
enhanced antibacterial, antioxidant, and wound-healing
properties indicated that the silver nanoparticle-embedded
chitosan-PEG hydrogel may serve as a promising material for
dressings in chronic diabetic wound healing.['99 A further in-
vestigation into the creation of novel wound healing dress-
ings that can proficiently modulate macrophage immune and
metabolic functions is a pressing issue. A highly adhesive PEG
hydrogel containing the Janus kinase 1 (JAK1) inhibitor filgo-
tinib (Fil@GEL) has been developed to influence macrophage
metabolic reprogramming and reinstate normal mitochondri-
al function. The Fil@GEL hydrogel markedly enhanced skin
wound healing relative to that in the control group, dimin-
ished intra-wound inflammation, and facilitated collagen re-

generation.['°1 Consequently, PEG is among the most exten-
sively used synthetic hydrophilic polymers.

PEG is often water-soluble, biocompatible, and cost effec-
tive. Owing to its high hydrophilicity, PEG is frequently uti-
lized in the form of hydrogels, which are capable of absorb-
ing and retaining water.'9”] Thus, PEG hydrogels have been
used as wound dressings.!'8¢!

Polyurethane (PU)

Polyurethanes (PU) are an essential category of flexible poly-
meric materials that consist of carbamate (urethane) organic
unit linkages. PU polymers are synthesized by the reaction of
polyols with di- or tri-isocyanate. They consist of two types of
monomers that polymerize sequentially, and are classified as al-
ternating copolymers. Both monomers possessed a minimum of
two functional groups per molecule. Although the majority of
PU (thermosetting polymers) do not melt upon heating, recent
advances have led to the development and availability of ther-
moplastic polyurethanes. Adaptability arises from the myriad
applications enabled by structure-property interactions.!*®

Recent research on PU composites (thermoset, thermoplas-
tic, and bio-based PU with natural and synthetic fibers) uti-
lized as polymer reinforcement has increased because of their
durability, cost-effectiveness, biodegradability, lightness, and
advantageous mechanical properties. The distinctive me-
chanical, thermal, and chemical characteristics of PU can be
engineered through a fundamental reaction between poly-
isocyanates and polyols, thereby drawing the attention of the
worldwide market to the polyurethane sector.['81 PU are used
in medical applications, including wound dressings, surgical
drapes, tubing, catheters, and hospital beds, owing to their
availability, excellent mechanical qualities, and biocompati-
bility.[199]

Various types of dressings are available, including PU hy-
drogel dressings, foam dressings, hydrocolloid dressings,
membrane dressings, semi-permeable polyurethane mem-
brane dressings, alginate dressings, and genetically engi-
neered flax dressings.[290 Hydrogels are insoluble hydrophilic
PU polymers characterized by a high water content, and their
hydrophilicity is influenced by the extent of crosslinking of
polar functional groups.>>! Multiple researchers have docu-
mented the use of PU hydrogels as wound dressings.[201-208]
A study created a mechanically flexible and self-adhesive PU-
poly(acrylamide) (PU-PAAm) hydrogel for wound healing. The
establishment of hydrogen bonds and electrostatic interac-
tions between the hydrogel and the skin guarantees robust
adherence while preventing discomfort during dressing re-
moval. Animal experiments further validated the exceptional
skin regeneration capacity of the PU-PAAm hydrogel. This
study demonstrated that the hydrogel presented promising
potential for treating complex or difficult wounds, including
burns and chronic wounds.[20"]

Bletilla striata polysaccharide (BSP) was incorporated into
waterborne polyurethane (WPU) to create a series of WPU-
BSP (WPUB) hydrogels. The hydrogels exhibited remarkable
compressive strength, water absorption, and retention capa-
bilities, which are advantageous for wound healing. WPUB
hydrogels incorporating BSP are potential candidates for
wound dressings.[292 A study generated innovative hydro-
gels composed of polyurethane/poly(ethylene glycol)
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(PU/PEG) and silver nanocomposites using click chemistry
and a green method. Furthermore, a cell viability assay
demonstrated that the nanocomposites exhibited high bio-
compatibility. Consequently, they may serve as advanta-
geous candidates for wound-dressing applications.[2031 On
the other hand, the antibacterial and mechanical properties
of innovative silver nanoparticle-polyurethane-poly(ethylene
glycol) (Ag-PU-PEG) composite hydrogel materials intended
for wound dressing applications were synthesized and as-
sessed. The findings of this study may facilitate the develop-
ment of enhanced wound dressings with superior durability
and antibacterial properties, thereby improving wound heal-
ing.l209

Vakil et al. created cytocompatible shape-memory PU-
based PEG hydrogels that facilitate efficient transport to the
wound site. This innovative hydrogel structure serves as a
foundation for the future development of chronic wound
dressing materials that are easy to implant and mitigate infec-
tion concerns.l2%5 Currently, numerous innovative PU-based
functional dressings such as hydrogel dressings have
emerged as viable alternatives to traditional medicinal mate-
rials.[200]

Polyvinylpyrrolidone (PVP)

PVP is a biocompatible synthetic polymer that has been used for
many years as a biomaterial or ingredient in pharmaceutical for-
mulations, such as a blood plasma expander and vitreous hu-
mor substitute.?°”! PVP was selected as the primary constituent
of the polymer matrix because of its distinctive characteristics.
The quality of the entire polymer matrix can be regulated based
on the molecular weight of PVP employed. This extensive array
of capabilities enables acquisition of an appropriately stiff mate-
rial. PVP is regarded as a polymer that is safe for biological appli-
cations and that demonstrates stabilizing properties.2'? PVP
undergoes crosslinking in response to many stimuli (heat,
chemicals, radiation, pressure, etc.), resulting in the creation of a
PVP hydrogel.>*!

Hydrogels are highly hydrated polymer gels characterized
by macromolecular three-dimensional networks that swell
without dissolving in water. These polymers are physically or
chemically cross-linked. Their capacity to absorb water is due
to the hydrophilic functional groups bonded to the polymer-
ic backbone, while their resistance to dissolution is attributed
to cross-links between the network chains. The PVP hydro-
gels exhibited remarkable biocompatibility and trans-
parency.299 Hydrogels derived from PVP have been recog-
nized for their applications in wound dressings. Various types
of PVP wound dressings have been developed using radia-
tion cross-linking.[2'"! Certain studies have documented the
application of PVP hydrogels as wound dressings.[211-2251

Abd El-Mohdy and Hegazy reported the synthesis hydro-
gels including PVP/PEG- and PVP/PEG/starch by irradiating
combinations of aqueous solutions of PVP, PEG, and starch
with electron beams at varying dosages. Their characteristics
were assessed to determine their applicability as wound
dressings.2'2l A research study indicated that the characteri-
zation of dressing component materials and radiation-in-
duced synthesis of PVA-PVP hydrogels have been conducted.
The PVA-PVP hydrogel produced by irradiation at 20 kGy
demonstrated effective microbial barrier properties. Charac-

terization of the PVP hydrogel is crucial for its application as a
wound dressing.231 One study addressed the modification of
sterculia gum using PVA-PVP by radiation crosslinking to cre-
ate hydrogels intended for the administration of antibacterial
agents to wounds.[214]

Another study reported the production of hydrogels, in-
cluding PVP and alginate, with AgNPs integrated into the hy-
drogel matrix via gamma radiation. PVP/alginate hydrogels
infused with nanosilver, exhibiting effective fluid manage-
ment and antibacterial properties, were deemed appropriate
for wound-dressing applications.2'5] Biazar et al. demonstrat-
ed that dressings are composed of PVP, PEG, and agar. The
electron beam irradiation method was employed to fabricate
hydrogel wound dressings. The results indicated the cell at-
tachment properties and non-toxicity of all the samples. An-
tibacterial testing showed that the antibacterial efficacy of
the hydrogel sample, relative to that of the control sample, in-
creased to 30%. The antifungal examination revealed no evi-
dence of fungal growth on the hydrogel surface, whereas the
control sample had no antifungal effect on its surface. The hy-
drogel sample demonstrated acceptable in vitro biocompati-
bility.[216]

A study examined the preparation of PVA- and PVP-blend-
ed hydrogels for wound dressing using gamma radiation
techniques. Hydrogels may be regarded as effective barriers
against bacteria. In vitro assessments revealed that the
PVA/PVP-blended hydrogel is a highly effective material,
demonstrating a healing rate comparable to that of sterilized
gauze and Sofratulle.2'71 A separate study indicated that nov-
el antimicrobial PVP-GP hydrogels could be synthesized
through the polycondensation of hexamethylenediamine
and guanidine hydrochloride, followed by a cross-linking re-
action with N-vinyl pyrrolidone (NVP) and N,N'-methylene
bisacrylamide (MBAm). Both PVP and PVP-GP hydrogels ex-
hibited exceptional mechanical strength, meeting the criteria
for wound-dressing applications. The water vapor transfer
rates (WVTR) of PVP and PVP-GP hydrogels ranged from 1727
g/(m2-day) to 2320 g/(m2day), demonstrating that the hydro-
gels are appropriate for wound dressings, preventing dehy-
dration of the wound surface and accumulation of exudates.
The Kirby-Bauer inhibitory zone test and microbe penetra-
tion experiments demonstrated that the PVP-GP hydrogels
exhibited significant antibacterial activity.[2'8]

This study was undertaken to enhance wound healing ca-
pabilities and present a novel wound dressing. A new hydro-
gel composed of PVP and polyacrylic acid incorporating zinc
oxide nanoparticles was developed as an antibacterial wound
dressing and evaluated in a rat excisional wound model. The
results indicated that the poly(acrylic acid)/PVP hydrogel
wound dressing infused with zinc oxide nanoparticles en-
hanced wound contraction, exhibited antimicrobial proper-
ties, and facilitated wound healing in comparison to the oth-
er groups.l2'9 A study utilized a traditional plant extract from
Lawsonia inermis (Henna), known for its antibacterial proper-
ties, to prepare a hydrogel dressing composed of hydrox-
yethylcellulose and polyvinylpyrrolidone by employing gam-
ma irradiation for crosslinking and sterilization. This dressing
served as an effective barrier against bacterial penetration
and inhibited cell proliferation. Assessment of the in vitro cy-
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totoxicity and hemolytic potency of this dressing confirmed
its biocompatibility.2201 PVP is a synthetic polymer character-
ized by excellent biocompatibility, making it a suitable prima-
ry component in temporary skin coverings and wound dress-
ings.211

Polyacrylamide (PAM)

PAM is a synthetic polymer derived from the polymerization of
acrylamide (AM).?*) PAM, a biocompatible cationic polymer,
has been used in therapeutic applications, including breast im-
plants. PAM hydrogels have high water content and can effec-
tively maintain wound hydration. Simultaneously, their signifi-
cant water absorption capacity enables the uptake of excess
wound exudate, thereby maintaining a normal physiological
environment and enhancing tissue recovery. Infectious dis-
eases hinder orderly wound healing, ultimately leading to
chronic wounds. Hence, it is imperative to develop antibacterial
dressings to enhance soft tissue healing.1*?”!

PAM is a polymer of significant biological and pharmaco-
logical importance and has been extensively studied for its
use as a hydrogel in blood-compatible applications.l?28! The
produced hydrogel dressing exhibits excellent mechanical
characteristics and offers an elastic environment similar to
that of tissue.[?26] Certain researchers have used polyacry-
lamide hydrogels as wound dressings.229-2351 A study utilized
Xanthan gum (XG) and polyacrylamide components to fabri-
cate hydrogel dressings via a one-pot approach. The in vivo
data indicated that the hydrogel dressings markedly expedit-
ed wound healing in the mouse model. These findings sug-
gest that multifunctional hydrogels are an excellent option
for wound therapy.[229]

Xue et al. developed a multifunctional quaternized chi-
tosan-Matrigel-polyacrylamide (QCS-M-PAM) hydrogel. The
mechanical properties, morphology, swelling ratio, hemostat-
ic performance, biocompatibility, and antibacterial efficacy of
the hybrid hydrogels were examined in vitro and in vivo. His-
tological and molecular analyses in vivo revealed that the hy-
brid hydrogel markedly improved wound healing and colla-
gen deposition and stimulated skin adnexal regeneration by
upregulating anti-inflammatory factors and downregulating
pro-inflammatory factors. Current antibacterial hydrogels,
possessing hemostatic and adhesive characteristics, are seen
as having significant promise for application as wound dress-

ings for full-thickness skin defects.[230]

Another study employed PAM to fabricate double-network
(DN) hydrogels derived from bio-adhesive catechol-chitosan
hydrogels. The DN hydrogel formulation in this study effec-
tively addressed and modulated the inflammatory microenvi-
ronment in chronic wounds. This study presents innovative
applications of inflammation-resolving factors incorporated
into DN hydrogels, characterized by excellent biocompatibili-
ty and enhanced mechanical properties, to modulate wound
inflammation and facilitate wound healing.[23"]

A study involved the synthesis of oxidized soybean cellu-
lose nanocrystals (CNCs) within a PAM hydrogel. The pH re-
sponsiveness and drug-loading capacity of the smart hydro-
gels were evaluated using swelling and drug-controlled re-
lease studies to clarify the dynamic mechanisms of drug re-
lease during the wound healing process. The inhibitory zone
assay demonstrated adequate biocompatibility, as the hydro-
gel significantly enhanced wound healing in a wound model.
The results clarified the regulation mechanism of CNCs/PAM
hydrogel structures and demonstrated the possible applica-
tion of CNCs/PAM hydrogels in wound dressings.2321 Ma et al.
reported that carboxymethyl chitosan (CMCS) and PAM pro-
vide a straightforward method for fabricating double-net-
work hydrogels (CMCS/PAM) with enhanced mechanical
properties. CMCS/PAM network hydrogels exhibit superior
properties, including substantial swelling capacity, injectabili-
ty, and cellular biocompatibility, making them potentially ad-
vantageous for biomedical applications, such as wound
dressings.[233]

PAM and its variants represent one of the most prevalent
systems for hydrogels; they are biologically inert, non-toxic,
capable of maintaining their shape, and allow for straightfor-
ward adjustments of biophysical, mechanical, and chemical
properties. The elevated swelling ratio of polyacrylamide hy-
drogel facilitates the wound healing process.[23% Consequent-
ly, polyacrylamide polymeric hydrogels have been utilized as
wound dressings. Table 2 shows the effects of several poly-
meric hydrogel wound dressings.[237-255]

CONCLUSIONS AND FUTURE REMARKS

Wound healing is a complex and fascinating phenomenon gov-

Table 2 Effects of different polymeric hydrogels’ wound dressing.l%7-2>!

Polymeric hydrogel’s wound dressing Type of polymer

Type of wound Results Ref.

Chitosan/gelatin/PVA hydrogel Chitosan, gelatinand -

PVA

Graphene integrated nanocellulose -  Cellulose and alginate  Burn wound

Sodium alginate hydrogel

Gelatin-recombinant Type Il collagen Gelatin and collagen
hydrogel

Bacterial cellulose-based hydrogel Cellulose -
(BC/polydopamine/ZIF-8/Ag

(BC/PDA/ZIF-8/AQg))

Cellulose/chitosan based double
network hydrogel

Cellulose and Chitosan

The hydrogels demonstrated significant pH sensitivity,  [237]
swelling capacity, and water evaporation rate.

Consequently, this hydrogel demonstrated significant
potential for use as a wound dressing.

In vitro scratch wound experiments further validated the [238]
efficacy of hydrogels in wound closure. The findings
underscore the significant potential of the synthesised
hydrogels for the treatment of burn wounds.

The hydrogel employed as a wound dressing enhances  [239]
wound healing in a rat model of skin injury,

demonstrating a more rapid and robust recovery

compared to the control group.

A competitive functional garment featuring potent [240]
antibacterial characteristics and enhanced angiogenesis
activities for wound healing.

It exhibited superior biocompatibility and markedly [241]
expedited the repair of skin defects.
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Polymeric hydrogel’s wound dressing Type of polymer

Type of wound Results

Ref.

Curcumin-B-cyclodextrin inclusion
complex loaded sodium
alginate/chitosan

(CMx-loaded SA/CS) bilayer hydrogels

Alginate and chitosan

Silk fibroin/carboxymethyl chitosan  SF and chitosan

hydrogel

Poly(vinyl alcohol) (PVA)/chitosan PVA and chitosan

(CS)/nano zinc oxide (nZnO) hydrogel

Liposomal sulforaphane-loaded PVA and PEG

PVA/PEG hydrogels

PU-chitosan hydrogel membrane Chitosan and PU

(HPUQ)

PVA/chitosan/nano zinc oxide PVA and chitosan

hydrogels

PVA/PVP-based hydrogel PVA and PVP

Polyacrylamide/gelatin hydrogel PAM and gelatin

Polydeoxyribonucleotide (PDRN)
encapsulated in an alginate/chitosan-
based hydrogel (Gel@PCNPs)

Alginate and chitosan

Polydopamine (PDA)-grafted MXene PVA
(PDA@MXene) and 3,4-
dihydroxyphenylalanine-PonG1
(DOPA-PonG1)-modified

photosensitive PVA hydrogel (DOPA-
PonG1/PDA@MXene/PVA hydrogel )

PVA-Alg/FP (Fe3*,
protocatechualdehyde (PA)) hydrogel

PVA and alginate

Alginate/PVA hydrogels enriched with Alginate and PVA
seagrass extract

Cellulose-based hydrogels enhanced Cellulose
with bioactive molecules

PVA-chitosan hydrogel enriched with PVA, chitosan and
collagen hydrolysate and Couroupita collagen
guianensis flower extract

Foot ulcers

various
irregular
wounds

Infected
wound

Infection-
induced
wounds

Chronic
diabetic
wound

Drug-resistant
wound
infections

All CMx-loaded SA/CS bilayer hydrogels exhibited non-
toxicity towards NCTC clone 929 cells and normal human
dermal fibroblast cells. Consequently, these bilayers may
serve as a promising option for wound dressing
applications.

The SF/CMCS hydrogel provided an optimal moisture
environment for wound healing and exhibited notable
characteristics in enhancing the proliferation of HEK-293
cells and antibacterial efficacy against Staphylococcus
aureus and Escherichia coli. The results demonstrate the
practicality of employing the suggested technique for
the manufacture of SF-based hydrogels for wound
dressing applications.

[242]

[243]

The antibacterial capabilities of hydrogel samples can [244]
successfully safeguard wounds, particularly with

increased nZnO content. Consequently, these hydrogels

were determined to be effective as durable wound

dressings.

This hydrogel wound dressing facilitates wound healing. [245]
This hydrogel matrix inhibits wound desiccation and
accelerates cell-induced tissue regeneration. The results
indicate that this combination delivery method, with a
sustained drug-release action, may serve as an effective

treatment for skin wounds.

HPUC exhibits low cytotoxicity and enhances wound [246]
healing when combined with mononuclear bone

marrow fraction cells in a diabetic rat model. HPUCs

possess intriguing characteristics that render them

appropriate for wound healing applications.

The antibacterial characteristics, biocompatibility, and in [247]
vitro wound healing assessments indicated that the
developed system exhibited no toxicity and effectively

treated the wounds.

Highly promising as a wound dressing material, capable [248]
of absorbing wound exudate at rates ranging from

259.83% to 347.89%.

Biocompatible shape memory hydrogel exhibiting
satisfactory mechanical and drug release characteristics
utilized as a wound dressing.

[249]

The formulated hydrogel exhibits plasticity and is [250]
appropriate for diverse irregular wounds. The
formulated hydrogel serves as a promising wound

dressing.

In vivo results indicated that the DOPA-
PonG1/PDA@MXene/PVA hydrogel expedited the
healing of infected wounds by enhancing angiogenesis
and collagen deposition, while mitigating excessive
inflammation. This research introduces a novel method
for addressing infected wound problems and shows
potential for clinical implementation.

[251]

It has exceptional biocompatibility and a wide range of  [252]
biological activities, including antioxidant, anti-

inflammatory, and antibacterial properties, in addition to
facilitating cell migration. Moreover, the hydrogel

expedites full-thickness skin wound healing in a
Staphylococcus aureus (S.aureus)-infected rat model,

offering substantial evidence of its potential as a

therapeutic agent for infection-induced wounds.

It demonstrates the efficacy of alginate/PVA hydrogels
infused with seagrass extract as biocompatible wound
dressings.

[253]

These hydrogels markedly enhance the healing of [254]
chronic diabetic wounds, particularly when bioactive
compounds are included, successfully mitigating

necrosis and infection.

The results underscore the promise of the [255]
PVA-chitosan-collagen hydrogel system, infused with C.
guianensis flower extract, as a viable option for enhanced
wound healing, demonstrating significant efficacy

against drug-resistant wound infections.
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erned by the body's innate reparative systems and progresses
through specific phases: hemostasis, inflammation, prolifera-
tion, and remodeling. The advancement and efficacy of each
phase are affected by the intensity and characteristics of dam-
age. Numerous factors, such as bacterial infections, can pro-
foundly affect the wound-healing process.”>® Contemporary
dressings are frequently employed to shield wounds and create
a moist environment that is conducive to healing. Conventional
wound dressings are frequently employed in clinical settings
because of their cost-effectiveness; however, fibers adhere to
the granulation tissue, resulting in pain upon dressing removal.
Conversely, contemporary dressings regulate the optimal tem-
perature and humidity for the wound, promote healing, safe-
guard against external microorganisms, and prevent cross-in-
fection. Furthermore, certain dressing types, such as alginate or
hydrogel dressings, are non-adhesive to tissues, resulting in re-
duced pain during dressing changes for patients, thereby ad-
dressing the shortcomings of conventional dressings.””!

Numerous investigations have been conducted on con-
temporary dressings, including hydrogels, films, alginates,
foams, and hydrocolloids, to address the clinical challenges in
wound treatment.[29257-2631 Diverse polymeric hydrogels have
been utilized in wound healing applications, including
wound dressings.[8:2641 Natural biopolymers typically exhibit
superior biocompatibility compared with their synthetic
counterparts, making them more appropriate for use in the
human body.[?6>! Owing to their biocompatibility, biodegrad-
ability, and resemblance to macromolecules in the human
body, certain natural polymers are widely utilized in the treat-
ment of wounds and burns.[266] Severe dermatological in-
juries, including burns and chronic wounds, are a focal point
in the medical industry owing to their significant care require-
ments. Such wounds are prone to significant consequences
that can deteriorate patients’ health and diminish their quali-
ty of life. Hydrogels have evolved as advanced wound dress-
ings for the treatment of acute and chronic wounds such as
burns, venous leg ulcers, pressure ulcers, and diabetic foot ul-
cers. These polymeric networks create a moist wound envi-
ronment, facilitate cellular migration, and possess antibacteri-
al qualities; hence, they are preferable to traditional dress-
ings.[2671 However, research on hydrogel wound dressings, in-
cluding polymeric hydrogel dressings, smart responsive hy-
drogel dressings, and the development of multifunctional
composite hydrogels to enhance the wound healing process
should persist. This review proposes that future research
should incorporate two or more biomaterials, including
herbal medicines with diverse properties, to improve the
wound-healing process. This can be achieved by amalgamat-
ing natural and synthetic polymeric hydrogels to design the
polymer network structure of the gel meticulously, thereby
facilitating wound dressings with innovative healing at-
tributes.
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