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HYDROGELS: A VERSATILE BIOMATERIAL 

REVOLUTIONIZING SCIENCE AND APPLICATIONS 
 

Abstract 

 The chapter on hydrogels constitutes a 

comprehensive exploration of this versatile 

class of materials, highlighting their historical 

evolution, structural intricacies, diverse 

classifications, extensive applications, 

challenges, and future perspectives. 

 

 Hydrogel structures, characterized by 

their polymer chains, cross linking 

modalities, and porous architectures, yield 

distinctive properties such as remarkable 

water absorption capabilities, 

biocompatibility, and responsiveness to 

environmental stimuli. These attributes 

render hydrogels highly adaptable, catering 

to a wide spectrum of applications across 

biomedical, agricultural, environmental, 

consumer product, and biotechnological 

sectors. 

 

 The classification framework 

elucidates hydrogels based on sources 

(natural and synthetic) and cross linking 

methodologies (chemical, physical, 

enzymatic), emphasizing their inherent 

advantages and applicability in specific 

domains. This categorization underscores the 

tailored utility of hydrogels in diverse 

contexts. 

 

 The chapter comprehensively covers 

the expansive range of applications, 

encompassing wound healing, tissue 

engineering, controlled drug delivery, 

agriculture, environmental remediation, 

consumer goods, and biotechnological 

innovations. These applications showcase 

the breadth of impact hydrogels have across 

varied industries and disciplines. 

 

 Moreover, it addresses prevailing 

challenges including ensuring bio 
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compatibility, enhancing biodegradability, 

optimizing design strategies, and innovating 

novel cross linking methodologies. The 

chapter concludes by envisaging the 

transformative potential of ongoing research 

in smart hydrogels, 3D bioprinting, and 

environmentally sustainable materials, 

projecting a future where hydrogels continue 

to revolutionize diverse fields and contribute 

significantly to scientific and societal 

advancements 
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I. INTRODUCTION 

 

Hydrogel is a highly versatile and intriguing class of materials that has garnered 

immense attention in diverse scientific, industrial, and biomedical fields (Zhang & 

Khademhosseini, 2020). It is a unique substance with a three-dimensional network structure, 

capable of absorbing and retaining significant amounts of water or biological fluids (Lee & 

Mooney, 2012). The name "hydrogel" originates from the combination of "hydro," meaning 

water, and "gel," referring to the solid-like gelatinous nature of the material when swollen 

with water (Zhang & Khademhosseini, 2017). This exceptional attribute sets hydrogels apart 

from conventional materials and contributes to their wide range of applications (Hoffman, 

2012). 

 

The ongoing research and development in hydrogel technology continue to expand 

the potential applications and drive innovation in diverse fields (Yuk & Zhao, 2018). As a 

result, hydrogels have become an exciting area of study with significant promise for 

addressing various challenges and improving the quality of life for people around the world 

(Zhang & Khademhosseini, 2017). 

 

Early Developments and Definition: The concept of hydrogels can be traced back to 

the late 19th century when Arthur Sperry developed the first synthetic hydrogel known as 

"hydrophilic gelatin" in 1890 (Sperry, 1890). However, it was in the 1960s that the term 

"hydrogel" was coined by Czech chemists Otto Wichterle and Drahoslav Lim (Wichterle& 

Lim, 1960). Their pioneering work involved the creation of hydrophilic polymer-based soft 

contact lenses (Wichterle& Lim, 1960). They used a hydrogel material called poly(2-

hydroxyethyl methacrylate) or PHEMA, which allowed the lens to absorb water, making it 

soft and flexible enough to be worn comfortably on the eye (Lee & Mooney, 2012). This 

breakthrough revolutionized the field of ophthalmology and marked the beginning of the 

extensive exploration of hydrogels in various applications (Zhang & Khademhosseini, 2017). 

 

Another significant early advance in hydrogel technology came in the 1970s when 

researchers developed superabsorbent hydrogels (Moseman, 1973). These hydrogels were 

capable of absorbing large amounts of water and aqueous solutions, making them suitable for 

various applications in agriculture, hygiene products, and medical dressings (Zhang & 

Khademhosseini, 2017). 

 

One of the key pioneers in this area was Dr. Haruo Saito, a Japanese scientist who, in 

1970, synthesized a superabsorbent hydrogel using a method called radiation polymerization 

(Saito & Hatakeyama, 1970). This hydrogel had a remarkable water absorption capacity and 

was later commercialized for use in disposable diapers and sanitary products (Zhang & 

Khademhosseini, 2017). 

 

In the field of medicine, hydrogels gained prominence in the 1980s with 

advancements in tissue engineering and drug delivery (Lee & Mooney, 2012). Researchers 

began exploring biocompatible and biodegradable hydrogels for applications in wound 

healing, tissue scaffolding, and controlled drug release systems (Amjadi et al., 2016). 

 

In the following decades, hydrogel research continued to expand rapidly, leading to 

the development of various smart hydrogels capable of responding to changes in the 
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surrounding environment, such as temperature, pH, and specific biomolecules (Zhang & 

Khademhosseini, 2017). These responsive hydrogels opened up new possibilities in targeted 

drug delivery and biomedical sensing (Zhang & Khademhosseini, 2017). 

 

The early advances in hydrogel technology paved the way for their applications in 

diverse fields, including biomedicine, agriculture, environmental science, and consumer 

products (Zhang & Khademhosseini, 2017). Today, hydrogels continue to be an active area of 

research, with ongoing efforts to enhance their properties, develop novel applications, and 

address various global challenges (Zhang & Khademhosseini, 2020). 

 

II. STRUCTURE AND PROPERTIES OF HYDROGELS 

 

Hydrogels are three-dimensional networks of hydrophilic polymers that are capable of 

absorbing and retaining a significant amount of water or aqueous solutions. The structure and 

properties of hydrogels are influenced by several factors, including the type of polymers 

used, the degree of cross linking, and the chemical composition. Here's an overview of the 

structure and properties of hydrogels: 

 

1. Structure of Hydrogel 

 

 Polymer Chains: The backbone of hydrogels is composed of long polymer chains 

that are hydrophilic in nature. Commonly used polymers include polyacrylamide, 

polyacrylic acid, polyvinyl alcohol, and various natural polymers like agarose, 

alginate, and chitosan. 

 Cross linking: The polymer chains in hydrogels are connected through chemical 

crosslink’s. Cross linking creates a three-dimensional network that holds the hydrogel 

structure together and provides stability. The degree of cross linking affects the 

mechanical properties of the hydrogel, with higher cross linking densities resulting in 

stronger and stiffer hydrogels. 

 Porous Structure: The hydrogel network contains void spaces, which allow the gel 

to absorb and retain water. These pores can range in size and distribution, influencing 

the swelling behaviour and diffusion properties of the hydrogel. 

 

2. Properties of Hydrogel 

 

 Swelling Capacity: Hydrogels have a remarkable ability to absorb and retain water, 

often swelling to many times their original dry weight. This high water content gives 

them a soft and rubbery texture, resembling some biological tissues. 

 Biocompatibility: Many hydrogels are biocompatible, meaning they are well-

tolerated by living tissues and do not elicit adverse reactions when in contact with 

biological systems. This property is essential for medical applications, such as tissue 

engineering and drug delivery. 

 Mechanical Properties: The mechanical strength and flexibility of hydrogels can 

vary depending on the type and concentration of polymers, as well as the degree of 

cross linking. Some hydrogels can be very soft and elastic, while others may be more 

rigid and stiff. 
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 Environmental Responsiveness: Some hydrogels are designed as "smart" or stimuli-

responsive materials. They can change their structure and properties in response to 

changes in the surrounding environment, such as temperature, pH, or the presence of 

specific molecules. This property is exploited in applications like controlled drug 

delivery systems. 

 Biodegradability: Some hydrogels are engineered to be biodegradable, meaning they 

can be broken down by natural processes over time. Biodegradable hydrogels are 

particularly useful for applications where a temporary scaffold is needed for tissue 

regeneration, and the material can eventually be replaced by new tissue. 

 Permeability: The porous structure of hydrogels allows for the diffusion of solutes, 

such as ions, nutrients, or drugs. The permeability of hydrogels can be tuned for 

specific applications, like controlled release of drugs or nutrient supply in tissue 

engineering. 

 

Overall, the structure and properties of hydrogels make them versatile materials 

with a wide range of applications in biomedical, agricultural, environmental, and 

consumer product fields. Ongoing research continues to improve and customize 

hydrogels for specific applications, driving further innovations in this exciting area of 

materials science. 

 

III. CLASSIFICATION OF HYDROGELS 

 

Hydrogels can be classified based on their source and the crosslinking methods used 

during their synthesis. Understanding the classification of hydrogels is essential as it helps 

researchers and practitioners select the most suitable hydrogel for specific applications. 

Here's a more detailed explanation of the classification of hydrogels: 

 

1. Based on Source 

 

 Natural Hydrogels: Natural hydrogels are derived from biopolymers found in living 

organisms. These hydrogels offer advantages such as biocompatibility and 

biodegradability. Examples of natural hydrogels include: 

 

 Alginate: Derived from brown algae, alginate hydrogels are widely used in tissue 

engineering and wound dressings. 

 Collagen: Found in the extracellular matrix of various tissues, collagen hydrogels 

are extensively used in tissue regeneration and drug delivery. 

 Chitosan: Derived from chitin, a substance found in the exoskeleton of crustaceans, 

chitosan hydrogels have applications in wound healing and tissue engineering. 

 

 Synthetic Hydrogels: Synthetic hydrogels are chemically synthesized using various 

monomers and cross linking agents. They offer versatility and controllable properties. 

Examples of synthetic hydrogels include: 

 

 Polyacrylamide (PAAm): A widely used synthetic hydrogel, PAAm is commonly 

employed in biomedical research and drug delivery applications. 
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 Polyvinyl alcohol (PVA): PVA hydrogels have applications in contact lenses, 

wound dressings, and tissue engineering. 

 Polyethylene glycol (PEG): PEG hydrogels are extensively used in drug delivery, 

tissue engineering, and cartilage repair. 

 

2. Based on Cross linking Methods 

 

 Chemical Cross Linking: Chemical crosslinking involves the use of chemical agents 

or reactions to form covalent bonds between polymer chains, resulting in a stable 

network structure. Common chemical cross linkers include glutaraldehyde, ethylene 

glycol diglycidyl ether (EGDE), and carbodiimides. Chemical cross linking provides 

robust and durable hydrogels but may involve toxic residues if not thoroughly 

removed. 

 Physical Cross Linking: Physical crosslinking relies on non-covalent interactions 

between polymer chains, such as hydrogen bonding, van der Waals forces, or ionic 

interactions. This method includes temperature-induced gelation (thermos-reversible 

gels) and pH-triggered gelation. These methods often result in reversible hydrogel 

networks, making them useful in applications where gelation and dissolution are 

desired. 

 Enzymatic Cross Linking: Enzymatic cross linking utilizes enzymes to catalyse the 

formation of covalent bonds between specific reactive groups on polymer chains. This 

method is often used to create hydrogels with high specificity and biocompatibility. 

Transglutaminase, for example, is used to crosslink proteins in hydrogel formation. 

 

The classification of hydrogels based on source and crosslinking methods enables 

researchers to tailor hydrogels for specific applications. Natural hydrogels are 

advantageous in biocompatibility, while synthetic hydrogels offer versatility in design. 

Chemical cross linking provides stable networks, whereas physical and enzymatic cross 

linking allows for reversible and specific interactions. By understanding these 

classifications, researchers can make informed decisions in designing hydrogels for 

various fields. 

 

IV. APPLICATIONS OF HYDROGELS 

 

1. Biomedical Applications 

 

 Wound Dressings: Hydrogels are extensively used as wound dressings due to their 

ability to maintain a moist environment at the wound site, which accelerates the 

healing process. The high-water content of hydrogels mimics the natural hydration of 

tissues and facilitates cell migration, angiogenesis, and granulation tissue formation. 

Additionally, some hydrogels can be engineered to release antimicrobial agents, 

promoting a sterile wound environment and reducing the risk of infection. 

 Tissue Engineering: In tissue engineering, hydrogels serve as 3D scaffolds that 

provide mechanical support and a biocompatible environment for cells to grow and 

differentiate into functional tissues. The porous structure of hydrogels allows for cell 

infiltration and nutrient diffusion. By incorporating bioactive molecules or growth 
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factors into the hydrogel, tissue engineers can guide specific cellular behaviours, 

enabling the regeneration of tissues like cartilage, bone, skin, and even organs. 

 Drug Delivery: Hydrogels are ideal for drug delivery systems because of their high 

water content and swelling behaviour, which allows them to absorb and encapsulate 

drugs. By adjusting the hydrogel composition, researchers can control the rate of drug 

release, offering sustained and controlled delivery over an extended period. This 

controlled release minimizes fluctuations in drug concentration, enhances therapeutic 

outcomes, and reduces side effects. 

 Contact Lenses: Soft contact lenses are commonly made from hydrogel materials 

due to their exceptional biocompatibility and water retention properties. The 

hydrophilic nature of hydrogels enables oxygen and nutrients to pass through the lens, 

ensuring comfort and eye health for the wearer. 

 

2. Agricultural Applications 

 

 Soil Moisture Management: Hydrogels can be incorporated into soil to improve 

water retention. They can absorb water during irrigation or rainfall and slowly release 

it to plant roots as needed. This capability reduces water wastage and improves plant 

growth, especially in arid or drought-prone regions. 

 Controlled-Release Fertilizers: Hydrogel-based fertilizers can be designed to release 

nutrients gradually, providing a continuous supply to plants. This controlled-release 

mechanism improves nutrient uptake by plants and reduces nutrient leaching, leading 

to more efficient fertilizer usage and reduced environmental pollution. 

 

3. Environmental Applications 

 

 Water Purification: Hydrogels can act as adsorbents for removing pollutants, heavy 

metals, and other contaminants from water sources. They can be functionalized to 

selectively target specific pollutants, making them valuable for water purification and 

remediation efforts. 

 Environmental Sensors: Stimuli-responsive hydrogels can be used as sensors to 

detect changes in environmental conditions, such as pH, temperature, or the presence 

of specific pollutants. When the environmental stimulus triggers a change in the 

hydrogel's properties, it can be detected and measured, providing valuable 

environmental monitoring capabilities. 

 

4. Consumer Commodity Products 

 

 Diapers and Hygiene Products: Superabsorbent hydrogels are a key component of 

disposable diapers, sanitary pads, and adult incontinence products. Their ability to 

absorb and retain large amounts of liquid ensures the products remain dry and 

comfortable. 

 Cosmetics: Hydrogels are used in skincare products, such as facial masks and 

moisturizers, due to their ability to deliver active ingredients to the skin effectively. 

The hydrating properties of hydrogels improve skin hydration and can help address 

various skin concerns. 
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 Flexible Electronics: Hydrogel-based materials are being explored for use in flexible 

and stretchable electronics. The soft and conductive nature of hydrogels makes them 

promising candidates for developing next-generation flexible electronics and wearable 

devices. 

 Food Industry: Edible hydrogels can be used as carriers for food additives, flavours, 

and nutrients, enhancing the texture and shelf life of food products. Edible hydrogels 

can also act as stabilizers or thickeners in food formulations. 

 

5. Biotechnology Applications 

 

 Cell Culture and Bioreactors: Hydrogels are widely used in cell culture and 

bioreactors to provide a supportive environment for the growth and maintenance of 

cells in vitro. They offer mechanical support and enable the cultivation of cells for 

various applications, including drug screening and tissue modelling. 

 Bio-separation: Hydrogels with specific affinity to biomolecules can be used in 

separation processes, such as protein purification. They can selectively bind target 

molecules and facilitate their separation from complex mixtures. 

 Robotics: Soft hydrogels are being explored in soft robotic applications due to their 

softness and flexibility, which allows for more natural interactions with humans and 

delicate objects. Soft robotic devices using hydrogels have potential applications in 

prosthetics, wearable robotics, and medical devices. 

 

These various applications of hydrogels demonstrate their versatility and wide-

ranging impact across different industries, making them valuable materials in addressing 

complex challenges and improving quality of life. Ongoing research and development 

continue to expand the potential applications of hydrogels and drive further innovation in 

this field. 

 

V. CHALLENGES AND FUTURE PERSPECTIVES 

 

 Biocompatibility and Biodegradability: Ensuring the biocompatibility and 

biodegradability of hydrogels is essential for their safe and sustainable use in 

biomedical applications. 

 Rational Design: Further research is needed to optimize hydrogel properties by 

rational design and advanced material characterization techniques. 

 Novel Cross-Linking Strategies: Developing new cross-linking methods can enhance 

the mechanical properties and performance of hydrogels. 

 

VI. CONCLUSION 

 

In conclusion, hydrogels represent a highly versatile and fascinating class of materials 

with immense potential across diverse scientific, industrial, and biomedical fields. Their 

unique three-dimensional network structure, capable of absorbing and retaining substantial 

amounts of water or biological fluids, sets them apart from conventional materials and 

enables a wide range of applications. 
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Hydrogels have revolutionized wound dressings, tissue engineering, and drug 

delivery, promoting faster healing, tissue regeneration, and controlled drug release. In 

agriculture, hydrogels enhance soil moisture management and enable controlled-release 

fertilizers, contributing to efficient plant growth and water conservation. Additionally, their 

utility extends to environmental applications, such as water purification and environmental 

sensing, aiding in pollution control and monitoring. Their potential in electronics, 

biotechnology, and robotics, particularly in flexible electronics and soft robotics, holds 

promise for future innovations. 

 

Despite significant progress, challenges remain in terms of biocompatibility, 

sustainability, and scalability of production. Future research focuses on smart hydrogels, 3D 

bio printing, and environmentally friendly materials, aiming to unlock new possibilities and 

advancements. 

 

In conclusion, hydrogels have emerged as a remarkable biomaterial with the capacity 

to address pressing global challenges, enhance medical therapies, and improve the quality of 

life for individuals worldwide. As researchers continue to harness the unique properties of 

hydrogels, their work will undoubtedly contribute to transformative innovations in science, 

engineering, and medicine, shaping a better and more sustainable future for humanity 
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