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Abstract

Conventional wound dressings have mainly limited modern wound care, but hydrogel-Based wound dressings
have improved the scenario. Hydrophilic polymer networks can be used To provide the moist environment, ensure
oxygen permeability, and avoid tissue trauma during Removal of the dressings. Hydrogels potential to load
bioactive compounds, such as Antimicrobial agents, growth factors, and antioxidants, allows for a therapeutic
delivery in a Targeted and sustained release manner.
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Introduction

Wound healing is such a dynamic biological process: very complex and crucial to the Return of lost integrity and
function of the tissue due to injury. It is very broad and, mainly, Categorised into four overlapping phases, namely,
haemostasis, inflammation, proliferation, And remodelling. Every phase can be characterized by cell interaction,
growth factors, and Extracellular matrix components. Though its mechanism is extremely intricate, still the
wound Healing process remains highly vulnerable to disruption by various intrinsic and extrinsic Factors such as
infections, insufficient moisture, and ischemia. These complications require Effective strategies in wound
management that will address risks at larger levels and help in Recovery. However, traditional wound dressing,
such as gauze, cotton bandages, and adhesive Strips, usually fail to meet the detailed needs of modern wound
care, especially in chronic and Complicated wounds.[1-5]
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Wound Healing

Phases of wound healing:-

Wound healing is a highly organized biological process that occurs in four overlapping Phases: Haemostasis,
Inflammation, Proliferation, and Remodelling, each of which is critical For effective tissue repair and restoration
of skin integrity. It’s about blood clotting and more Often is known as controlling blood loss or creating the initial
structural phase necessary to start Wound healing, it is the first phase known as Haemostasis.

Factors influencing wound healing:-
A. Local Factors:

L. Infection: Infection on the wound site is known to be one of the most significant causes of slow healing rates.
Microbial colonization leads to chronic inflammation, reduces or eliminates growth factors and impairs new
tissue formation processes which ends up in formation of chronic wounds.

I1. Moisture Levels: Stable moisten environment is one of the priorities that should be achieved to facilitate the
healing process. Their excessive manifestation may cause desiccation and hindered cell migration while their
deficiency may cause maceration of the neighbouring tissues resulting in bacterial infection.

III. Oxygenation: Oxygen is important in such processes as, cellular respiration, collagen synthesis and
angiogenesis to name but a few. These processes and the consequent healing can be adversely affected by a poor
oxygenation due to ischemia or localized oedema.

IV. Wound Size and Depth: Superficial or small or shallow injuries take less time to heal, while bigger or deeper
injuries need more time since tissue formation and remodelling are more complex.

V. Foreign Bodies and Necrotic Tissue: Foreign materials or necrotic tissue increases the duration of the
inflammatory response and inhibits cell migration, consequently the healing is delayed.

VI. Wound Care Practices: The authors showed that proper cleaning, debridement and choice of dressings
highly influence the outcome. Enhanced dressings, for instance hydrogels be useful in providing a favorable
environment for repair.[13—19]

B. Systemic Factors:

I. Age: As people grow older, there is decreased cell repair, delayed inflammation response, and reduced blood
vessel formation contributing to delayed wound healing and increased susceptibility to chronic ulcers in elderly
population.

II. Nutritional Status: This section also discusses how malnutrition especially protein, vitamin (vitamin A, C and
E) and mineral deficiency including zinc and copper affect collagen synthesis, immunity as well as overall ability
to heal.

III. Chronic Diseases: Diabetes, peripheral vascular disease, and chronic kidney disease are only some of the
conditions that may impeded the healing process. Diabetes also causes the dysfunction of neutrophils,
angiogenesis and collagen synthesis resulting to delayed repair for instance in the case of infected wounds.

C. Environmental and Behavioural Factors:

I.Physical Activity: Restricted mobility is a known factor that causes poor blood flow and Slow healing in patients
with wounds. However, high activity increases chances of reinjures or Worsening of an injury being experienced
by an individual.

II.Hygiene and Infection Control: Pandemic commonsense approaches to hygiene and Infection control are
critical in the prevention of the complications that can cause impairment Of the healing process.
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I11.Socioeconomic Factors: Factors that ought to be considered relating to healthcare Inclusion, and availability of

quality wound care goods and products together with education Possessed by patients, play a central role in
wound healing and particularly in areas of Hardship.[26—-29]

Hydrogels: A Versatile Wound Dressing Material
Definition and properties of hydrogels
A. Definition:

Hydrogels are cross linked macro molecular structures, which are capable of absorbing a large quantity of water
in its matrix network without dissolving in water or biological fluids. Some polymers swell in water but dissolve
in it, and this characteristic is particularly beneficial in cases like biomedical applications such as wound care.
Hydrogels can be synthetic or natural or both and always must be tailored according to the specific therapeutic
requirement.[20,21]

B. Properties of Hydrogels:

Hydrogels exhibit several key properties that make them versatile and effective in various applications,
particularly in modern wound care:

I.High Water Content: An ideal hydrogel can swell to an extent equal to many times its dry mass bringing along
a moist environment that is beneficial in the healing of open wounds. It also minimises desiccation, enhances cell
migration, and aid autolytic debridement.

II.Biocompatibility: The preparations based on hydrogels are non-toxic and nearly completely biocompatible,
which reduces the likelihood of rejection by organism’s immunity. This makes them suitable for direct application
on the wounds or better still for use in drug delivery vehicles.

[I1.Oxygen Permeability: Hydrogels have a structure that would enable oxygen exchange Which is very essential
for cell metabolism, blood vessel formation and collager synthesis During wounds healing process.

IV.Soft and Flexible Structure: Hydrogels have a fairly close tissue likeness thus offering Some shock absorbency
to would and non-intrusively minimizing discomfort for the patient.

V.Non-Adhesive Nature: Hydrogels for example do not stick to the wound bed thus reducing The pain and damage
associated with removal of the dressing.

Classification of hydrogels:
A.Based on Source:

e Natural Hydrogels: These hydrogels are bio derived from Collagen, gelatin, chitosan, Alginate and hyaluronic
acid, which is know to be biocompatible natural polymers. It Reflects the structure of the ECM and performs
similar functions, therefore showing High biocompatibility and biodegradation.

e Synthetic Hydrogels: These hydrogels are prepared from synthetic polymers such as Polyvinyl alcohol (PVA),
polyethylene glycol (PEG), polyacrylamide among others, Making it easy to manipulate the hydrogels
mechanical as well as their chemical Characteristics.

e Hybrid Hydrogels: Cross-linked with natural and synthetic parts, the hybrid hydrogels Benefit from both the
categories. For instance, natural polymers offer biocompatibility, Production of synthetic polymers offers
mechanical strength and stability. Multipurpose Hydrogels are widely employed in many applications, including
wound healing Dressings, tissue engineering scaffolds and in drug delivery systems.[25]

B. Based on Physical Structure:

e Amorphous Hydrogels: Unlike many synthetically derived hydrogels, these hydrogels Have no fixed
architecture, which makes them to have good conformity to the wound Bed.
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¢ Semi-Crystalline Hydrogels: These hydrogels also have both crystalline and an Amorphous phase which give

them both great mechanical strength and flexibility.

e Nanocomposite Hydrogels: The use of nanoparticles of silver, gold, or carbon Nanotubes makes the
nanocomposite hydrogels stronger mechanically, thermally more Stable, and even antimicrobial. However, these
advanced hydrogels are essential for the Treatment of infected or chronic wound.[52-27]

C. Based on Ionic Characteristics:

e Non-lonic Hydrogels: Composed of non charged polymers, these hydrogels become Larger when placed in
water without electrostatic interactions. They are mostly applied As absorbent and as a cover for a wound.

e lonic Hydrogels: These possess charged groups which affect their.Plugin behavior with Respect to pH and
ionic strength.

e Zwitterionic Hydrogels: Due to the cationic/anionic nature of the zwitterionic, these Hydrogels have a high
water uptake rate and are fouling-resistant. It is widely accepted In applications such as joint and heart surgery
as well as high-tech wound Dressings.[25-30]

D. Based on Network Configuration:

e Homopolymeric Hydrogels: Synthesized from a single type of monomer, these Hydrogels are of elementary
network structure and are used mostly for techniques such As hydration and shock absorbing.

e Copolymeric Hydrogels: These hydrogels are made of two or more different Monomers, making themhave
multifunctional characteristics such as two or more types Of sensitivity, or mechanical and biological
characteristics.

e Interpenetrating Network (IPN) Hydrogels: IPNs are made up of two tighter Covalently bonded polymers
networks and as a result, offer high mechanical strength And elasticity as well as sensitivity to environmental
changes.

¢ Semi-IPN Hydrogels: comprising of one polymer network having second polymer in Linear form, hydrogels
have adaptive nature as well as swelling capability controlled Hence can be used for drug delivery.[31-34]

E. Based on Stimuli Responsiveness:

* pH-Responsive Hydrogels: These hydrogels are sensitive to the pH of the surrounding Media; as such, their
size increases or decreases. They are suitable for use in sites such As drug delivery in a wound or the
gastrointestinal tract, where pH change happens.

* Temperature-Responsive Hydrogels: Some of these hydrogels exhibit sol-gel Transitions at given
temperatures. For instance, thermosensitive hydrogels are in liquid Form at ambient temperatures but gel at
physiological temperatures, and they are good For injectable wound therapies.

* Enzyme-Responsive Hydrogels: These degrade in front of specific enzymes present In the wound environment
to permit the controlled launching from the medication.

* Light-Responsive Hydrogels: These hydrogels change their properties when exposed To specific wavelengths
of light, useful in controlled drug delivery and photodynamic Therapy.

* Multi-Stimuli Responsive Hydrogels: Functioning as an effective multi-stimuli Sensitive hydrogel, these
materials show significant adaptability due to their abilities to Work within varying pH, temperature, and ionic
strength environments in the most Advanced forms of use.[28,32,]

F. Based on Crosslinking Mechanism:

* Physically Crosslinked Hydrogels: These hydrogels are formed through hydrogen Bonding, ionic interactions,
or hydrophobic forces that are themselves reversible and Degrade naturally over time. They are well suited for
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biodegradable wound care Dressings, So, if one wants his dressing to biodegrade within such a short time, this

Fabric is ideal for such dressing.

* Chemically Crosslinked Hydrogels: These are developed via covalent linkages and Are comparatively stable
and durable but difficult to synthesize. In particular, PLLA is The most used because of its long degradation time,
they are used in implants and Scaffolds.[26,28]

Key Properties of Hydrogels for Wound Healing:-

I. Moisture Retention

Another important characteristic of hydrogels is their capacity the swell and retain large amount Of water or
exudates. This provides a proper wound environment by maintaining necessary Moisture in and around the wound
that plays important role in healing process.

I1. Oxygen Permeability

Hydrogels are distinguished by 3D structure of a network and therefore provide adequate Oxygen access to the
wound zone. Oxygen joint damage depends on the amount of work done In cells; enhances new blood vessels
growth; enhances deposition of collagen fibrils.

III.  Biocompatibility and non-toxicity
Hydrogels are inherently biocomappable, that is, it was established that when hydrogels are Used to treat the
wound they do not provoke any immune response.

IV.  Non-adherence to Wound Bed

Hydrogels are by their very nature biocompatible that is to say if hydrogels are brought into Contact with the
wound there is no immune reaction. It includes no dangerous material which Can harm during the long-term
usage or that can irritate the neighboring tissues.

V. Controlled Drug Delivery
Hydrogels can indeed function well as delivery systems for healing substances including Antibiotics, growth
factors, anti-inflammatories and antioxidants.

VI.  Antimicrobial Properties

Infections are a well-known factor that delays wound healing, and the latter can be addressed In the construction
of hydrogels. They can be impregnated with antimicrobial substances Including silver nanoparticles, honey or
antibiotics that actually inhibit bacterial adhesion and Subsequent infection.

VII. Flexibility and Softness
Hydrogels are juicy, flexible and possess ability to assume the shape of the particular wound.This ability provides
total coverage and protection of the wound especially in areas that may Require tricky draping in any procedure.

VIII. Stimuli-Responsiveness

The latest hydrogels are developed to pan with external stimuli including pH, temperature, or Enzyme activity.
For example, pH-degradable hydrogels can deliver drugs in response to the Infection-elicited low pH of the
damaged tissue, achieve site-specific and timely therapeutic Effects.

Categories of Bioactive Compounds in Hydrogel Dressings

A. Antimicrobial Agents
Infection is one of the major impediments to wound healing. Synthetic antimicrobial ~ hydrogels Provide high-
level defense on bacterial adhesion, biofilm development, and related issues.
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e Silver Nanoparticles: Also characterized by multispectral bactericidal properties, Silver nanoparticles

destabilize bacterial cell membranes, inhibit DNA synthesis, and Inactivate bacterial enzymes.

e Honey: A known antimicrobial agent and possessing mild anti-inflammatory activity, Honey shows autolytic
debridement and influences tissue formation and re-Epithelialization.

¢ Chitosan: Derived from natural sources, chitosan exhibits intrinsic antibacterial Properties by binding to
bacterial cell walls, causing leakage of cellular contents. It also Enhances tissue regeneration by stimulating
fibroblast activity.

¢ Antibiotics: Specific antibiotics, such as gentamicin or vancomycin, can be loaded into Hydrogels to target
infections caused by drug-resistant bacteria.[33,34]

B.Growth Factors

Growth factors are usually composed of proteins which facilitate important cellular activities
Such as duty synthesis, movement or construction of new blood vessels. When incorporated
Into hydrogels, it greatly enhances the rate of healing and tissues regeneration.

¢ Vascular Endothelial Growth Factor (VEGF): Promotes the formation of new blood Vessels, ensuring a
sufficient supply of oxygen and nutrients to the wound site.

e Epidermal Growth Factor (EGF): Stimulates keratinocyte proliferation and Migration, essential for re-
epithelialization.

¢ Fibroblast Growth Factor (FGF): Enhances fibroblast activity, collagen synthesis, And tissue remodeling.
FGF-loaded hydrogels are particularly effective for chronic Wounds and diabetic ulcers. Hydrogels provide a
stable environment for these growth Factors, protecting them from degradation and ensuring their controlled
release.[31]

C. Antioxidants

Oxidative stress caused by the accumulation of reactive oxygen species (ROS) during the
Inflammatory phase can damage cells and delay healing. Antioxidants in hydrogel dressings
Neutralize ROS, reducing cellular damage and supporting tissue repair.

e Curcumin: A natural polyphenolic compound with strong antioxidant and anti-inflammatory properties,
curcumin mitigates oxidative stress and enhances collagen Synthesis.

¢ Flavonoids: Plant-derived antioxidants that protect against free radical damage while Promoting vascular health
and cellular repair.

e Vitamin C: Plays a dual role by reducing oxidative stress and enhancing collagen Synthesis, crucial for wound
closure and tissue remodeling.[31]
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D. Anti-Inflammatory Agents

Excessive or prolonged inflammation can hinder wound healing and lead to chronic wounds.
Anti-inflammatory compounds in hydrogels regulate the immune response, ensuring a Balanced environment
conducive to healing.

e Aloe Vera Extract: Contains polysaccharides that reduce inflammation, promote Fibroblast activity, and
stimulate epithelial cell proliferation.

¢ Green Tea Extract: Rich in polyphenols, it reduces both oxidative stress and Inflammation, aiding in faster
wound closure.

e Dexamethasone: A corticosteroid used to control excessive inflammation in chronic Wounds. Its incorporation
into hydrogels provides localized anti-inflammatory action
e Without systemic side effects.

Mechanisms of Action for Enhanced Healing

The integration of bioactive compounds into hydrogels enhances wound healing through
Various mechanisms:

 Infection Prevention: Antimicrobial agents prevent bacterial growth and biofilm Formation, reducing
complications and promoting faster healing.

* Cellular Stimulation: Growth factors activate key cellular processes such as
Angiogenesis, collagen deposition, and keratinocyte migration, expediting tissue repair.

* Inflammation Modulation: Anti-inflammatory agents balance the inflammatory Response, preventing tissue
damage while promoting transition to the proliferative Phase.

* Oxidative Stress Neutralization: Antioxidants protect cells from ROS-induced
Damage, creating a favorable environment for wound healing.
Formulation Aspects of Hydrogel-Based Wound Dressings

Hydrogel based wound dressings present particular challenges when being formulated because They must support
the specific needs of wound healing as well as fulfill other functional, Mechanical, and therapeutic needs. These
include materials to be used, design features, manner In which to produce the hydrogel, and methods of
incorporating the agent that enhances the Hydrogels properties as required.

Design considerations

Designing hydrogel-based dressings requires balancing several critical factors to optimize their Performance for
wound care:

* Moisture Retention: Hydrogels must maintain a moist wound environment to promote Cell migration, facilitate
autolytic debridement, and accelerate re-epithelialization.

* Drug Loading Capacity: The hydrogel matrix should efficiently encapsulate Therapeutic agents such as
antimicrobial agents, growth factors, or anti-inflammatory Compounds.
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» pH Sensitivity: Many wounds, especially chronic or infected wounds, exhibit pH Variations. pH-sensitive
hydrogels are designed to respond to these changes by Releasing drugs or altering their swelling behaviour,
ensuring optimal therapeutic Performance.

* Mechanical Strength and Flexibility: Hydrogel dressings must exhibit sufficient Mechanical strength to
withstand handling and application.

* Non-Adherence: Hydrogels should not adhere to the wound bed, as adherence can Cause trauma to newly
formed tissues during dressing changes. Non-adherent hydrogels Prevent tissue damage and reduce patient
discomfort.

* Biodegradability and Biocompatibility: Materials used in hydrogel formulations Must be biocompatible to
prevent adverse reactions and, in some cases, biodegradable To allow natural degradation without requiring
removal.[18]

Manufacturing techniques

Several fabrication techniques are used to produce hydrogel dressings, each offering unique

Advantages:

e Solution Casting: This method involves pouring the hydrogel-forming solution into Molds and allowing it to
solidify. It is simple, cost-effective, and suitable for Incorporating bioactive agents without exposing them to high
temperatures.

¢ Freeze-Thaw Method: Repeated cycles of freezing and thawing create physical

Crosslinks in the hydrogel matrix, enhancing its mechanical properties and elasticity. This method is particularly
suitable for producing flexible dressings for dynamic wound Sites.

¢ 3D Printing: Enables precise fabrication of hydrogel dressings with complex Geometries, controlled porosity,
and uniform drug distribution. 3D-printed hydrogels Are particularly useful for personalized wound care
solutions.

¢ Electrospinning: Produces nanofibrous hydrogel dressings with a high surface area And porosity. These
dressings are ideal for promoting cell adhesion, nutrient exchange, And gas permeability, making them effective
for chronic wound management.

¢ Photopolymerization: Light is used to initiate crosslinking of hydrogel polymers, Enabling rapid gel formation
with precise control over structure and properties. [17,19]

Mechanisms of Action

Hydrogels play a pivotal role in wound healing through their multifaceted mechanisms of

Action, which include maintaining moisture balance, delivering bioactive compounds in a Controlled manner,
preventing infection, and interacting directly with wound tissues to promote Repair. One of the primary benefits
of hydrogels is their ability to maintain an optimal moisture Balance. By absorbing excess exudate while retaining
enough hydration, hydrogels create a Moist wound environment that prevents desiccation and supports key
processes such as cellular Migration, angiogenesis, and re-epithelialization. This balanced hydration also
facilitates Autolytic debridement, where the body’s enzymes naturally break down necrotic tissue, Reducing the
need for mechanical interventions.[18,20,24,]

IJ]NRD2504291 ‘

International Journal Of Novel Research And Development (www.ijnrd.org)



http://www.ijrti.org/

© 2025 IJNRD | Volume 10, Issue 4 April 2025 | ISSN: 2456-4184 | INRD.ORG
Applications in Different Types of Wounds

e Acute Wounds

Hydrogel dressings provide great value to acute wounds, including surgical wounds, Abrasions, and minor skin
injuries because they establish an ideal healing environment. These dressings keep the wound moist, promote
faster formation of new skin and lessen Chances of the wound forming a scar.

e Chronic Wounds

Hydrogels are most advocated for use in treating and managing chronic wounds such As diabetic foot ulcers,
venous leg ulcers, and pressure ulcers. In diabetic ulcers, they Provide controlled release of growth factors and
antimicrobial substances which Promote new blood vessel formation and prevent the likelihood of infection.

¢ Burn Wounds

Burn injuries are unusual wounds because they are often painful, prone to infection, And have healing
mechanisms that need special interventions. The hydrogel dressing Consists of water in a polymer network that
reduces pain and inflammation due to local Cooling, and thus burns healing.

e Surgical Wounds

Wound healing after surgery requires the protective as well as therapeutic properties of Hydrogel dressings.

In Vitro and In Vivo Studies

A. In Vitro Studies

e Biocompatibility and Cytotoxicity: Hydrogel-based dressings are tested on human Dermal fibroblasts,
keratinocytes, or other relevant cell lines to assess their Compatibility with living tissues. [29]

eDrug Release Kinetics: In vitro studies simulate wound conditions to analyse the Controlled release of
encapsulated bioactive compounds, such as antibiotics, growth Factors, or antioxidants.

e Antimicrobial Activity: Hydrogel dressings loaded with silver nanoparticles, honey,

Or antibiotics are evaluated for their ability to inhibit bacterial growth. In vitro

Antimicrobial assays demonstrate their effectiveness against common wound pathogens Like Staphylococcus
aureus and Pseudomonas aeruginosa.

B. In Vivo Studies

e Animal Models for Wound Healing: Hydrogel dressings are tested on small animal Models, such as rats or
mice, with induced acute or chronic wounds.

¢ Chronic and Diabetic Wounds: Diabetic mouse models are commonly used to test Hydrogels designed for
chronic wounds.

e Burn Wound Healing: In vivo studies on burn wounds using rabbit or porcine models Have shown that
hydrogels provide effective pain relief through their cooling effect While reducing inflammation and preventing
infection.

e Drug Efficacy and Safety: In vivo studies are crucial for assessing the efficacy and Safety of bioactive
compounds delivered via hydrogels. For instance, antimicrobial Hydrogels have demonstrated a marked
reduction in infection rates, while growth Factor-loaded hydrogels have been shown to enhance tissue
regeneration without Causing systemic toxicity.

Conclusion
Hydrogel based wound dressings are one of the revolutionary products in the present Wound healing
management, providing enhanced pharmacological and physiologic advantages Than conventional dressing
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materials. Thus, hydrogels enhance healing by ensuring that the Wound site is neither too moist, nor too dry and

also by allowing oxygen and nutrients to Permeate while at the same time dripping nutrients and other bio active
molecules in the precise Amount necessary. Advancements including stimuli-responsive systems,
nanocomposites, and Biosensor integration has introduced improved functionality to the dressing and also made
them To be versatile for complicated and persistent ulcers. However, there are barriers to formulation Consistency,
regulation, and manufacturing scale that need to be overcome for their full benefits To be realized. As such, future
advancements in the area, such as Al in designing hydrogels, Gene therapy, and personalized medicine treatment
application, are expected to redefine wound Care. With the surmounting of these existing barriers and Builds on
these advancements, Hydrogel-based dressings are expected to enhance the healing process, patient comfort and
Effectiveness of wound care management worldwide.
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