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ABSTRACT :

Hydrogels are three-dimensional polymeric networks capable of retaining large amounts of water, making them highly versatile in a range of biomedical,
environmental, and industrial applications. This review provides a comprehensive examination of hydrogel classification, fabrication techniques, and practical
utilities. Hydrogels are categorized based on origin (natural, synthetic, and hybrid), crosslinking mechanisms (physical or chemical), and responsiveness to stimuli
(pH, temperature, light, and ionic strength). Each class exhibits unique physicochemical and mechanical properties that influence their end-use performance.
Fabrication methods, including bulk polymerization, solution casting, freeze-thaw cycling, and advanced techniques like 3D printing and microfluidic patterning,
play a critical role in tailoring hydrogel structure and functionality. These processing routes determine the porosity, strength, and drug-release kinetics, which are
crucial for applications in drug delivery, tissue engineering, wound healing, biosensing, and soft robotics. Recent advancements in smart hydrogels, including self-
healing, shape-memory, and conductive variants, have significantly broadened their scope, particularly in bioelectronics and personalized medicine. However,
challenges such as limited mechanical stability, scalability, and long-term biocompatibility remain barriers to widespread clinical and industrial translation.

Emerging strategies, such as nanocomposite hydrogels and bioinspired design, aim to overcome these limitations.
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1. Introduction

Hydrogels are defined as three-dimensional networks of hydrophilic polymers that can absorb and retain significant amounts of water while maintaining
their structural integrity. These materials are characterized by their unique ability to swell in aqueous environments, making them similar to natural
tissues, which has led to their extensive use in biomedical applications. Hydrogels consist of cross-linked polymer chains, which can be formed through
physical or chemical crosslinking methods (1). The crosslinking creates a porous structure that allows for the absorption of water and biological fluids.
Hydrogels exhibit swelling behavior, mechanical properties, and biological compatibility, which are crucial for their functionality in various applications.
They can be classified into "smart" hydrogels that respond to external stimuli, such as temperature or pH changes, leading to significant volume changes
(2). Common applications include wound dressings, tissue engineering, drug delivery systems, and contact lenses, owing to their water retention and
structural resemblance to the extracellular matrix. While hydrogels are widely recognized for their beneficial properties, challenges remain in controlling
their structural characteristics during synthesis, which can limit their application potential in advanced fields like microfluidics and nanotechnology (3).
Hydrogels play a crucial role in both biomedical and industrial fields due to their unique properties, such as high-water retention, biocompatibility, and
versatility. These characteristics enable hydrogels to be utilized in various applications, ranging from drug delivery systems to agricultural practices.
Hydrogels can encapsulate and release therapeutic agents in a controlled manner, enhancing the efficacy of treatments (4). They mimic the extracellular
matrix, promoting cell adhesion and growth, which is vital for tissue repair and regeneration. Hydrogels provide a moist environment that accelerates
healing and reduces infection risks. Hydrogels are used to create biodegradable packaging materials that maintain food freshness. They are employed in
irrigation beads that retain moisture, improving water efficiency in farming. Hydrogels are incorporated into products for their moisturizing properties
(5). While hydrogels offer numerous advantages, challenges such as stability and degradation rates in various environments must be addressed to optimize
their performance in both biomedical and industrial applications.

2. Classification of Hydrogels

Hydrogels can be classified into three main categories based on their source of origin.
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2.1 Natural Hydrogels

Natural hydrogels are derived from biological sources and are composed of natural polymers such as polysaccharides and proteins. These hydrogels are
biocompatible and biodegradable, making them ideal for biomedical applications. Examples include, Polysaccharides (Alginate, chitosan, hyaluronic
acid, cellulose, and carrageenan), Proteins (Gelatin, collagen, and dextran) (5).

2.2 Synthetic Hydrogels

Synthetic hydrogels are made from synthetic polymers, which offer greater mechanical strength and durability compared to natural hydrogels. Common
synthetic polymers used include, Polyethylene glycol (PEG), Polyvinyl alcohol (PVA), Polyacrylamide (PAAm)(6).

2.3 Hybrid Hydrogels

Hybrid hydrogels combine natural and synthetic polymers to leverage the advantages of both materials. These hydrogels often exhibit improved
mechanical properties and biocompatibility. Examples include combinations of chitosan with PVA or alginate with PEG (7).

2.4 Classification Based on Crosslinking Mechanism

The crosslinking mechanism is another key criterion for classifying hydrogels. Crosslinking refers to the process of creating a three-dimensional network
structure in hydrogels.

2.4.1 Physical Crosslinking

Physical crosslinking involves non-covalent interactions such as hydrogen bonding, ionic interactions, or physical entanglements. These hydrogels are
typically reversible and can be formed through methods like solution casting or mixing (8).

2.4.2 Chemical Crosslinking

Chemical crosslinking involves the formation of covalent bonds between polymer chains, resulting in a stable and irreversible network. Common chemical
crosslinking methods include free radical polymerization, radiation methods, and the use of crosslinking agents (10).

2.4.3 Enzymatic Crosslinking

Enzymatic crosslinking is a biocompatible method that uses enzymes to crosslink polymers. This method is particularly useful for natural hydrogels, as
it mimics biological processes and ensures minimal toxicity (11).

2.4.4 Hybrid Crosslinking

Hybrid crosslinking combines physical and chemical crosslinking methods to achieve hydrogels with enhanced mechanical strength and stability (12).

2.5 Classification Based on Stimuli Responsiveness

Stimuli-responsive hydrogels are "smart" materials that can respond to changes in their environment, such as pH, temperature, light, or the presence of
specific biomolecules.

2.5.1 pH-Responsive Hydrogels

These hydrogels swell or shrink in response to changes in pH, making them useful for drug delivery applications in the gastrointestinal tract (13).

2.5.2 Temperature-Responsive Hydrogels

Temperature-responsive hydrogels undergo a phase transition at a specific temperature, making them suitable for controlled drug release and tissue
engineering applications (14).

2.5.3 Light-Responsive Hydrogels

Light-responsive hydrogels change their properties in response to light, offering precise control over drug delivery and other applications (15).

2.5.4 Electro-Responsive Hydrogels

These hydrogels respond to electric fields, making them useful for actuators and sensors (16).

2.5.5 Substrate-Responsive Hydrogels

Substrate-responsive hydrogels can recognize and respond to specific biomolecules, such as glucose or proteins, making them useful for biosensing and
drug delivery (17).

3. Physicochemical Properties of Hydrogels
3.1 Mechanical Properties

The mechanical properties of hydrogels are critical for their performance in biomedical applications. These properties are influenced by the type of
polymer, crosslinking method, and environmental conditions.

3.1.1 Crosslinking Methods

The choice of crosslinking agents and methods significantly impacts the mechanical strength of hydrogels. For instance, crosslinking sodium alginate
(SA) and polyvinyl alcohol (PVA) hydrogels with calcium (Ca?") and copper (Cu?*) ions in boric acid solutions enhances their mechanical properties and
thermal stability. However, copper ions result in slower drying kinetics and reduced thermal stability compared to calcium ions (18).
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3.1.2 Polymer Composition

The composition of the polymer network also plays a role in determining mechanical properties. For example, increasing the proportion of polyacrylate
in poly(sodium acrylate)/sodium silicate hydrogels improves their mechanical strength and shifts the cross-over point in rheological measurements
towards longer times (19).

3.1.3 Oxidation Degree

The oxidation degree of polymers, such as xanthan gum, can enhance the rigidity and brittleness of hydrogels. Higher oxidation degrees lead to improved
mechanical properties and reduced degradation rates, making them suitable for drug delivery and tissue regeneration applications (20).

3.1.4 Nanoparticle Incorporation

The incorporation of nanoparticles, such as silver nanoparticles (AgNPs), into hydrogels can influence their mechanical properties. The shape of AgNPs
affects the swelling and deswelling processes, as well as the volume phase transition temperature (VPTT) of the hydrogels (21).

3.2 Thermal Stability

Thermal stability is another important physicochemical property of hydrogels, particularly for applications in biomedical devices and drug delivery
systems.

3.2.1 Crosslinking and Chemical Structure

The thermal stability of hydrogels is influenced by their crosslinking density and chemical structure. For example, chemically crosslinked hydrogels,
such as those formed by periodate oxidation of xanthan gum, exhibit higher thermal stability compared to physically crosslinked hydrogels (22).

3.2.2 Polymer Composition

The composition of the polymer network also affects thermal stability. Hydrogels with a higher proportion of polymer content tend to undergo three-
stage thermal decomposition, while those with higher water content exhibit two-stage decomposition (19).

3.2.3 Additives and Crosslinking Agents

The addition of certain crosslinking agents, such as boric acid, can improve the thermal stability of hydrogels. For instance, SA/PVA hydrogels crosslinked
with boric acid solutions exhibit enhanced thermal stability compared to those crosslinked with aqueous solutions of calcium or copper ions (18).

3.2.4 Network Structure

The network structure of hydrogels also plays a role in their thermal stability. Denser networks, such as those formed by quaternized chitosan and oxidized
sodium alginate, exhibit higher thermal stability due to the presence of aldehyde groups and Schiff base linkages (23).

3.3 Swelling Behavior

The swelling behavior of hydrogels is a critical property for their applications in drug delivery and tissue engineering. It is influenced by factors such as
the polymer composition, crosslinking density, and environmental conditions.

3.3.1 Polymer Composition and Crosslinking Density

The swelling ratio of hydrogels is inversely proportional to their crosslinking density. For example, hydrogels with higher crosslinking densities, such as
those formed by quaternized chitosan and oxidized sodium alginate, exhibit lower equilibrium swelling rates (23).

3.3.2 Environmental Conditions

The swelling behavior of hydrogels is also influenced by environmental conditions such as pH, temperature, and ionic strength. For instance, the swelling
ratio of agarose hydrogels can be tuned by the addition of sucrose and glycerol, which affect their hydration capacity and hydrophilicity (24).

3.3.3 Network Structure

The network structure of hydrogels plays a significant role in their swelling behavior. Hydrogels with a more open network structure, such as those
formed by sodium alginate and poly(itaconic anhydride-co-3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5Jundecane), exhibit higher swelling ratios and faster
water uptake (25).

3.3.4 Ionic Strength

The ionic strength of the surrounding medium can also influence the swelling behavior of hydrogels. For example, increasing the ionic strength of the
swelling medium can reduce the swelling ratio of hydrogels due to the shielding of electrostatic repulsions between polymer chains (26).

3.4 Network Structure and Morphology

The network structure and morphology of hydrogels are critical for their physicochemical properties and applications.

3.4.1 Crosslinking Methods

The crosslinking method significantly influences the network structure of hydrogels. For example, hydrogels crosslinked with boric acid solutions exhibit
a more uniform and denser network structure compared to those crosslinked with aqueous solutions of calcium or copper ions (18).

3.4.2 Polymer Composition

The composition of the polymer network also affects the network structure. Hydrogels with a higher proportion of polyacrylate exhibit a more
homogeneous network structure and improved optical parameters (19).

3.4.3 Additives and Fillers

The addition of additives and fillers, such as silver nanoparticles, can influence the network structure and morphology of hydrogels. For example, the
incorporation of AgNPs into poly(N-isopropylacrylamide) hydrogels results in a sponge-like network structure with enhanced mechanical properties (21).
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3.4.4 Morphological Analysis

Techniques such as scanning electron microscopy (SEM) and atomic force microscopy (AFM) are commonly used to analyze the morphology of
hydrogels. For instance, SEM analysis of hydrogels formed by gum acacia and tragacanth gum reveals a heterogeneous morphology with rough topology
27).

3.5 Surface Properties

The surface properties of hydrogels, such as hydrophilicity and wettability, are important for their applications in biomedical devices and drug delivery
systems.

3.5.1 Hydrophilicity

The hydrophilicity of hydrogels is influenced by their polymer composition and crosslinking density. For example, hydrogels with higher crosslinking
densities tend to exhibit lower hydrophilicity due to the reduced availability of hydrophilic groups (24).

3.5.2 Wettability

The wettability of hydrogels is typically characterized by their contact angle. Hydrogels with lower contact angles exhibit higher wettability and are more
suitable for applications requiring high hydrophilicity, such as wound dressings and biomedical coatings (17).

3.5.3 Surface Morphology

The surface morphology of hydrogels can be influenced by the addition of fillers and crosslinking agents. For example, the incorporation of AgNPs into
hydrogels results in a rougher surface morphology, which can enhance their antimicrobial activity (21).

3.5.4 Surface Modification

Surface modification techniques, such as the addition of bioactive molecules, can enhance the surface properties of hydrogels. For instance, the
incorporation of lavender essential oil into sodium alginate hydrogels improves their antimicrobial and antioxidant properties, making them suitable for
wound healing applications (25).

4. Synthesis and Fabrication Techniques of Hydrogels

Hydrogels are three-dimensional polymer networks capable of absorbing and retaining large amounts of water, making them invaluable in various
biomedical applications. Their synthesis and fabrication involve diverse techniques that tailor their properties for specific uses. This section explores the
primary methods of hydrogel synthesis and fabrication, highlighting their advantages and applications.

4.1 Chemical Crosslinking

Chemical crosslinking forms covalent bonds between polymer chains, offering high mechanical stability. Common crosslinking agents include N,N'-
methylenebisacrylamide (MBAAm) and glutaraldehyde. This method is widely used for synthetic polymers like polyacrylamide (PAAm) and
polyethylene glycol (PEG), creating durable hydrogels for drug delivery and tissue engineering (28).

4.2 Physical Crosslinking

Physical crosslinking relies on non-covalent interactions such as hydrogen bonds or ionic interactions. Techniques include freeze-thaw cycles for
polyvinyl alcohol (PVA) hydrogels and stereocomplex formation for biodegradable polymers. This method is biocompatible and suitable for natural
polymers like alginate and chitosan, used in wound dressings and drug delivery (29).

4.3 Irradiation-Based Crosslinking

Irradiation with UV or gamma rays initiates polymerization without catalysts, offering rapid hydrogel formation. This method is efficient but may lack
uniform crosslinking, making it less common in biomedical applications due to potential cytotoxicity concerns (30).

4.4 Additive Manufacturing

3D printing techniques like extrusion and inkjet printing enable precise fabrication of complex hydrogel structures. These are used in tissue engineering
and drug delivery, allowing customization for specific anatomical needs (31).

4.5 Dehydration Method

This technique uses photopolymerization with a mask to create microstructured hydrogels. It's cost-effective and useful for microfluidics and anisotropic
surfaces, employing common monomers like acrylates (32).

4.6 Self-Assembly of Peptide Hydrogels

Peptide hydrogels form nanostructures through stimuli like pH changes or temperature, offering biocompatibility and biodegradability. They are ideal for
drug delivery and tissue engineering due to their porous structure and ease of functionalization (33).
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4.7 Hybrid Hydrogels

Combining natural and synthetic polymers, hybrid hydrogels balance biocompatibility with mechanical strength. They are used in drug delivery and
tissue engineering, leveraging the strengths of both polymer types (31).

5. Applications of Hydrogels

Hydrogels, three-dimensional networks of hydrophilic polymers, have emerged as versatile materials with applications spanning medical, agricultural,
and environmental fields. Their unique properties, such as high-water absorption, biocompatibility, and tunable mechanical properties, make them ideal
for addressing various challenges.

5.1 Medical Applications of Hydrogels

Hydrogels have found extensive use in medicine due to their biocompatibility and ability to mimic biological tissues.

5.1.1 Drug Delivery and Tissue Engineering

Hydrogels are widely used as scaffolds for tissue engineering and controlled drug delivery. Their porous structure allows them to encapsulate drugs and
release them in a controlled manner, reducing adverse effects and improving therapeutic efficacy (34). Natural hydrogels, such as those derived from
cellulose and chitosan, are particularly promising due to their biodegradability and biocompatibility (35).

5.1.2 Wound Healing and Regenerative Medicine

Hydrogels play a critical role in wound healing by providing a moist environment that promotes tissue regeneration. They can also incorporate growth
factors and antimicrobial agents to enhance healing rates. Additionally, injectable hydrogels are being explored for their ability to regenerate hard and
soft tissues, offering new possibilities for treating organ damage (36).

5.1.3 Biosensors and Medical Implants

The stimuli-responsive properties of hydrogels make them suitable for biosensor applications, where they can detect physiological changes and respond
accordingly. Furthermore, hydrogels are used to improve the biocompatibility of medical implants, reducing the risk of rejection and inflammation (34).

5.2 Agricultural Applications of Hydrogels

Agriculture has benefited significantly from hydrogels, particularly in addressing water scarcity and soil degradation. Key applications include:

5.2.1 Water Retention and Soil Conditioning

Hydrogels act as water reservoirs in soil, enhancing water retention and reducing irrigation needs. This is particularly beneficial in arid regions where
water scarcity is a major challenge. For instance, polysaccharide-based hydrogels have been shown to retain water up to 1000 times their dry weight,
significantly improving soil moisture content (37).

5.2.2 Controlled Release of Fertilizers and Agrochemicals

Hydrogels can encapsulate fertilizers and agrochemicals, releasing them slowly into the soil. This reduces leaching and evaporation losses, improving
crop yields while minimizing environmental pollution. Bio-based hydrogels, such as those derived from seed gums, are particularly effective in this
regard due to their biodegradability and cost-effectiveness (38).

5.2.3 Enhancing Crop Resilience

Hydrogels improve soil structure and fertility, facilitating seed germination and plant growth. They also protect plants during drought conditions by
releasing stored water gradually. This has been demonstrated in studies where hydrogel-treated soils showed improved plant growth performance under
drought stress (39).

5.3 Environmental Applications of Hydrogels

Hydrogels are increasingly being used to address environmental challenges, particularly in pollution control and water purification.

5.3.1 Pollution Control and Water Purification

Hydrogels can adsorb pollutants such as heavy metals and organic contaminants from water. Their high surface area and tunable functional groups make
them effective in selective adsorption. For example, cellulose-based hydrogels have been used to remove heavy metals from industrial wastewater,
highlighting their potential in environmental remediation (40)

5.3.2 Biodegradability and Sustainability

The biodegradable nature of natural hydrogels reduces their environmental impact. Unlike synthetic hydrogels, which can persist in the environment,
natural hydrogels degrade naturally, minimizing pollution (41). This makes them a sustainable option for agricultural and environmental applications.

5.4 Recent Advancements in Hydrogel Technology

Recent advancements in hydrogel technology have focused on improving their properties and expanding their applications.

5.4.1 Smart Hydrogels

Smart hydrogels that respond to environmental stimuli, such as pH, temperature, and light, have been developed for precision drug delivery and tissue
engineering. These hydrogels can release therapeutic agents in response to specific physiological cues, offering new possibilities for personalized
medicine (34).
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5.4.2 3D Printing and Tissue Engineering

Hydrogels are being used as bioinks in 3D printing to create complex tissue structures. This technology holds promise for producing living tissues and
organs, addressing the shortage of donor organs for transplantation (36,61).

5.4.3 Composite and Double-Network Hydrogels

Composite hydrogels, combining natural and synthetic polymers, have been developed to overcome the limitations of individual materials. Double-
network hydrogels, such as those based on polyaspartic acid and carboxymethyl cellulose, exhibit enhanced mechanical strength and water retention
properties, making them suitable for agricultural applications (39).

5.4.4 Sustainable Production Methods

Efforts have been made to develop eco-friendly synthesis methods for hydrogels. For example, the use of green crosslinking agents and solvent-free
processes has reduced the environmental impact of hydrogel production (36).

6. Recent Advances and Trends
6.1 Self-Healing Hydrogels

Self-healing hydrogels represent a significant advancement in biomaterials, particularly for applications in tissue engineering and regenerative medicine.
These hydrogels possess the unique ability to autonomously repair themselves after damage, thanks to dynamic chemical and physical interactions within
their structure. This self-healing capability not only enhances their mechanical properties but also broadens their applicability in various medical fields,
including drug delivery and wearable sensors. Self-healing hydrogels utilize reversible physical or chemical bonds, such as hydrogen bonds and boronate-
diol complexation, to facilitate healing. The formation of cross-links through these dynamic interactions allows the hydrogels to regain their original
properties after damage. These hydrogels serve as scaffolds for soft tissue engineering, providing support for cell growth and tissue regeneration. They
can act as delivery platforms for various therapeutic agents, enhancing treatment efficacy in tissues like bone and cartilage. Recent developments have
led to hydrogels with rapid healing and low electrical hysteresis, making them suitable for long-term use in monitoring physiological signals (42).

The integration of self-healing hydrogels into cyborganic devices could revolutionize healthcare by merging biological and mechanical systems for
improved diagnostics and therapies. Their adhesive properties and biocompatibility position them as promising candidates for advanced wound healing
applications. While self-healing hydrogels show great promise, challenges such as delayed healing times and the need for further optimization in
mechanical properties remain. Continued research is essential to fully realize their potential in clinical applications.

6.2 Conductive and Injectable Hydrogels

Conductive and injectable hydrogels represent a significant advancement in biomedical applications, particularly for neural interfaces and tissue
regeneration. These materials combine the mechanical properties of hydrogels with electrical conductivity, enabling them to facilitate bioelectrical signal
transmission and support cellular activities. The following sections outline key aspects of these innovative hydrogels. Conductive hydrogels can achieve
ionic conductivity through various compositions, such as polyaniline grafted onto chitosan or using polydopamine for enhanced adhesion. Many hydrogels
are designed for easy injection, allowing for minimally invasive applications. For instance, the injectable PEDOT:PSS-based hydrogel maintains stability
and electrochemical properties post-injection. Some hydrogels exhibit self-healing capabilities, which are crucial for maintaining functionality after
mechanical stress, as seen in the Schiff base reaction-based hydrogels.

Injectable conductive hydrogels have shown promise in enhancing nerve regeneration by promoting Schwann cell migration and axon remyelination.
Hydrogels like SFMA@IL have been developed to support neuroelectric signal transmission and reduce inflammation, demonstrating significant potential
in spinal cord injury repair. Despite their advantages, challenges such as the fragility of conductive hydrogels and the need for improved electromechanical
properties remain. Ongoing research aims to enhance these materials' performance and expand their applications in regenerative medicine and
bioelectronics (43,44). In contrast, while conductive hydrogels show great potential, their long-term stability and integration with surrounding tissues
require further investigation to ensure successful clinical outcomes.

6.3 Dual-/Multi-Responsive Hydrogels

Dual- and multi-responsive hydrogels are advanced materials that respond to multiple external stimuli, making them highly versatile for various
applications. These hydrogels can undergo changes in their physical or chemical properties in response to stimuli such as temperature, pH, light, magnetic
fields, and more. This adaptability allows them to be used in fields ranging from drug delivery to smart wearable devices. Dual-responsive hydrogels,
such as those integrating mesoporous silica nanoparticles, are designed for tumor therapy and tissue regeneration. They respond to pH and temperature
changes, facilitating the controlled release of drugs and growth factors, which is crucial for effective treatment and tissue repair. Injectable hydrogel-
based drug delivery systems offer targeted medication release, improving treatment outcomes and reducing side effects associated with prolonged
chemotherapy.

Temperature-responsive hydrogels with double- and triple-network structures exhibit significant volume changes, making them suitable for applications
in soft robotics and programmable reactors. These hydrogels can be engineered to respond to specific temperature ranges, enhancing their functionality
in dynamic environments. Multi-responsive hydrogels constructed with dynamic phenylboronate bonds can respond to glucose and fructose, offering
potential for real-time monitoring in biomedical applications. Their rapid response times make them suitable for continuous monitoring systems. Dual-
responsive ion-conductive hydrogels, which respond to UV light and stress, are developed for smart wearable devices. These hydrogels maintain
flexibility across a wide temperature range, making them ideal for various environmental conditions. While dual-/multi-responsive hydrogels offer
significant advantages, challenges remain in their practical application. The complexity of integrating multiple responsive behaviors can lead to intricate
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systems that are difficult to optimize for specific uses. Simplifying these systems while maintaining their responsiveness is a key area of ongoing research
(45,46).

7. Current Challenges of Hydrogels
7.1 Biocompatibility and Toxicity Concerns

One of the primary challenges in hydrogel development is ensuring biocompatibility and minimizing toxicity, especially for biomedical applications.
While natural hydrogels are generally biocompatible, synthetic hydrogels often require careful design to avoid adverse immune responses. For instance,
synthetic polymers like polyacrylamide and polyethylene glycol (PEG) have been associated with toxicity issues, which can limit their clinical translation
(47).

7.2 Mechanical Stability and Durability

Hydrogels are inherently soft and fragile, which makes them unsuitable for applications requiring high mechanical strength. This limitation is particularly
evident in load-bearing applications such as cartilage regeneration and soft robotics. Researchers have attempted to address this by developing tough
hydrogels through strategies like double-network structures and nanocomposite reinforcements, but further improvements are needed to achieve long-
term durability (48).

7.3 Scalability and Production Costs

The scalability of hydrogel production remains a significant challenge. Many advanced hydrogels, such as self-healing and stimuli-responsive hydrogels,
are complex to synthesize and often require specialized equipment. This complexity increases production costs, making large-scale industrial applications
difficult to achieve. Additionally, the lack of standardized manufacturing protocols hampers consistency and reproducibility (49).

7.4 Degradability and Environmental Impact

While hydrogels are biocompatible, their degradation rates and environmental impact are not fully understood. Synthetic hydrogels, in particular, may
persist in the environment for extended periods, raising concerns about their ecological footprint. Addressing these issues requires further research into
biodegradable hydrogels and their long-term effects on ecosystems (50).

7.5 Clinical Translation and Regulatory Hurdles

Despite their promise, hydrogels face significant barriers to clinical translation. Regulatory approval processes are lengthy and often require extensive

safety and efficacy testing. Additionally, the variability in hydrogel performance under physiological conditions can complicate their use in medical
applications, necessitating rigorous preclinical and clinical trials (51).

8. Future Perspectives of Hydrogels

8.1 Smart and Responsive Hydrogels

Smart hydrogels that respond to stimuli such as temperature, pH, and biomolecules are poised to revolutionize biomedical applications. These hydrogels
can be designed to deliver drugs in a controlled manner, promote tissue repair, and even diagnose diseases. Future research should focus on enhancing
the precision and reliability of these responsive systems, as well as exploring new stimuli such as light and magnetic fields (52).

8.2 Tough and Self-Healing Hydrogels

The development of tough and self-healing hydrogels is a promising direction for overcoming mechanical limitations. These hydrogels can autonomously
repair structural damage, making them ideal for dynamic biomedical environments. Advances in cross-linking methodologies and the integration of
nanomaterials are expected to play a crucial role in achieving this goal (53).

8.3 Sustainable and Biodegradable Hydrogels

There is a growing emphasis on developing sustainable hydrogels from renewable resources such as cellulose and chitosan. These biodegradable

hydrogels not only reduce environmental impact but also offer excellent biocompatibility and affordability. Future efforts should focus on scaling up
production and improving their mechanical properties for diverse applications (54).
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8.4 Hybrid and Composite Hydrogels

Hybrid hydrogels, which combine natural and synthetic polymers, are gaining traction due to their balanced bioactivity and mechanical resilience. These
materials are particularly valuable in tissue engineering, where they can mimic the extracellular matrix and support complex tissue regeneration. Future
research should explore novel polymer combinations and fabrication techniques to unlock their full potential (55).

8.5 Hydrogels in Soft Robotics and 4D Bioprinting

Hydrogels are increasingly being explored for their potential in soft robotics and 4D bioprinting. Their softness, elasticity, and responsiveness make them
ideal for creating flexible robotic designs and complex tissue structures. However, challenges such as limited mechanical robustness and manufacturing
scalability must be addressed to realize their potential in these fields (56).

8.6 Personalized Medicine and Drug Delivery

The future of hydrogels lies in their ability to enable personalized medicine. By integrating stimuli-responsive hydrogels with drug delivery systems,
researchers can create tailored treatments that adapt to individual patient needs. This approach could significantly enhance therapeutic outcomes and
reduce side effects. Additionally, the development of injectable and self-healing hydrogels is expected to simplify drug delivery and wound care (57).

8.7 Advanced Wound Care and Tissue Engineering

Hydrogels are at the forefront of wound care and tissue engineering due to their ability to create a moist healing environment and support cell growth.
Future advancements in sensor-integrated hydrogels and multifunctional dressings could enable real-time wound monitoring and adaptive treatment.
These innovations hold the potential to transform wound management and tissue regeneration (58).

8.8 Intraocular Lenses and Ophthalmology

Hydrogels are being explored for their potential in intraocular lenses (IOLs) due to their hydrophilicity and biocompatibility. Future research should focus
on optimizing their mechanical properties and ensuring long-term safety to realize their full potential in ophthalmology (59,60).
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