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INTRODUCTION 

Hydrogels are composed of a three-dimensional (3D) 

network capable of absorbing large amounts of water and 

swelling, primarily due to the presence of hydrophilic 

functional groups such as –NH₂, –COOH, –OH, –

CONH₂, –CONH, and –SO₃H.
[1.9]

 This network is 

typically formed through the crosslinking of polymer 

chains, although in some cases, it can also be established 

via crosslinked colloidal clusters.
[10,17]

 Their ability to 

absorb water contributes to their flexibility and soft 

texture.
[2]

 

 

Hydrogels can be fabricated using chemical or physical 

crosslinking methods, employing either natural or 

synthetic polymers.
[18,22]

 Due to their high water content, 

soft consistency, and porous structure, they effectively 

replicate the physical properties of living tissues. Over 

the last six decades, hydrogels have been extensively 

developed for a wide range of biomedical applications, 

including implantable, injectable, and sprayable systems, 

each customized for targeted organs and tissues.
[23,24] 

This review begins by exploring the fundamental aspects 

of hydrogels, focusing on their structure, classification, 

and synthesis techniques.We then focus on their most 

recent biomedical applications, with particular emphasis 

on their utilization in 3D cell culture, targeted drug 

delivery, wound repair,  

 

HISTORY  

The development of hydrogels spans over a century, 

beginning with simple polymer networks and evolving 

into sophisticated, smart stimuli-responsive systems 

tailored for advanced biomedical applications.
[17]

 

 

CLASSIFICATION OF HYDROGELS 
Hydrogels are three-dimensional, hydrophilic polymer 

networks that can absorb and retain substantial amounts 

of water without compromising their structural 

integrity.
[2] 
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 ABSTRACT 

Hydrogels are made up of crosslinked  polymer chains that form a three-dimensional (3D) network, allowing them 

to absorb and retain substantial amounts of fluid. Their soft texture, high water content, and porous architecture 

make them closely mimic the characteristics of natural biological tissues. In recent years, they have found wide-

ranging applications across various sectors, including agriculture, biomaterials, the food industry, drug delivery, 

tissue engineering, and regenerative medicine. This review begins with an overview of the fundamental aspects of 

hydrogels, including their structure, classification, and synthesis methods. It then explores recent developments in 

their use for 3D cell cultures, drug delivery systems, wound dressings, and tissue engineering. 
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STRUCTURE OF HYDROGELS 

Hydrogels comprise a 3D network of hydrophilic 

polymer chains designed to hold and retain water within 

their structure.
[1]

 

1. Crosslinked Polymeric Network
[22]

 

2. Water Content
[2]

 

3. Mesh Size and Porosity
[3]

 

4. Crosslinking Types
[22]

 

5. Biomimetic Structure
[7]

 

 

 
 

APPLICATIONS OF SMART STIMULI-

RESPONSIVE HYDROGELS IN DENTISTRY AND 

BIOMEDICAL FIELDS 

Smart hydrogels, capable of responding to external 

stimuli such as pH, temperature, enzymes, magnetic 

fields, and light, are gaining significant attention in both 

dentistry and biomedicine. Their tunable responsiveness, 

biocompatibility, and ability to mimic biological tissues 

make them ideal for numerous therapeutic and diagnostic 

applications. 

 

1. Dental Applications of Smart Hydrogels 

a. Periodontal Regeneration 

Smart hydrogels have been developed to deliver growth 

factors or antimicrobials in response to periodontal 

pocket pH changes. In inflamed tissues, the acidic pH 

triggers hydrogel swelling or degradation, enabling site-

specific drug release. 

Example: pH-sensitive hydrogels loaded with 

chlorhexidine or doxycycline have been used to suppress 

Porphyromonas gingivalis and promote periodontal 

healing.
[21] 

 

Furthermore, enzyme-responsive hydrogels designed to 

degrade in the presence of matrix metalloproteinases 

(MMPs) are also used to enhance guided tissue 

regeneration (GTR) in periodontitis.
[16]

 

 

b. Pulp Regeneration and Endodontics 

In regenerative endodontics, injectable hydrogels 

responsive to temperature or enzymes are used to deliver 

stem cells and growth factors into root canals.
[15]

 These 

hydrogels gel at body temperature, filling irregular canal 

geometries and creating a favorable environment for pulp 

tissue regeneration. 
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Example: A thermosensitive hydrogel based on 

chitosan/β-glycerophosphate has shown success in pulp 

tissue engineering. 

 

c. Antimicrobial and Biofilm-Resistant Coatings 

Smart hydrogels embedded with antimicrobial agents or 

nanoparticles release their contents upon changes in pH 

or temperature, helping to reduce biofilm formation on 

implants or orthodontic devices. 

 

Example: Smart hydrogel coatings for titanium dental 

implants that release silver nanoparticles in response to 

infection-related stimuli are under development.
[13]

 

 

2. Biomedical Applications of Smart Hydrogels 

a. Smart Drug Delivery Systems 

Smart hydrogels are extensively used for on-demand and 

site-specific drug delivery. They react to internal stimuli 

such as pH or glucose levels, as well as external triggers 

like light or magnetic fields. Example: Glucose-

responsive hydrogels containing glucose oxidase release 

insulin in diabetic patients when blood glucose levels 

rise, providing a self-regulated delivery system.
[8]

 

 

b. Cancer Therapy 

In tumor environments, where pH is slightly acidic and 

enzymes are overexpressed, smart hydrogels can 

selectively release chemotherapeutic drugs, minimizing 

systemic toxicity. 

 

Example: Dual-responsive hydrogels (pH and redox-

sensitive) have been used to release doxorubicin 

specifically at the tumor site.
[3]

 

 

c. Tissue Engineering and Regenerative Medicine 

Smart hydrogels provide dynamic, ECM-mimicking 

scaffolds that adapt to cellular microenvironments. For 

instance, thermo-sensitive injectable hydrogels can form 

gels at body temperature and support bone, cartilage, or 

cardiac tissue regeneration. 

 

Example: A thermosensitive Pluronic F127-based 

hydrogel has been applied in cartilage regeneration and 

myocardial repair.
[7]

 

 

d. Wound Healing 

Smart hydrogels loaded with growth factors or 

antimicrobials release their payloads in response to 

wound conditions, such as temperature, enzymes, or pH 

changes, promoting faster healing and infection control. 

 

Example: Enzyme-responsive hydrogels degrade upon 

exposure to proteases found in chronic wounds, releasing 

VEGF or epidermal growth factor (EGF).
[13]

 

 

e. Biosensing and Diagnostics 

Smart hydrogels integrated into biosensors respond to 

biomolecular changes and convert them into measurable 

signals. These are used for detecting glucose, lactate, or 

pathogens in real time. 

Example: Hydrogel-based glucose sensors using 

phenylboronic acid-functionalized polymers enable 

continuous glucose monitoring in diabetic patients.
[9]

 

 

CHALLENGES AND ROADBLOCKS IN 

HYDROGELS AND SMART STIMULI-

RESPONSIVE HYDROGELS 

Hydrogels and smart stimuli-responsive hydrogels hold 

immense potential in biomedicine and dentistry due to 

their biocompatibility, tunable properties, and 

responsiveness to environmental cues. 

1. Mechanical Fragility and Structural Instability.
[10]

 

2. Incomplete or Non-Specific Responsiveness.
[16]

 

3. Poor Control over Degradation and Drug Release.
[8]

 

4. Limited Long-Term Biocompatibility and Safety.
[2]

 

5. Manufacturing, Scalability, and Regulatory 

Hurdles.
[22]

 

6. Sterilization and Storage Instability.
[24]

 

 

FUTURE PERSPECTIVES 

The integration of smart hydrogels with wearable 

devices, neural interfaces, and robotics is promising. 

Personalized medicine, where hydrogels are tailored to a 

patient’s genetic and physiological profile, is on the 

horizon. AI-driven hydrogel design, bioresponsive logic 

gates, and bioprintable organ-on-chip models are 

emerging fields.
[7,17]

 

 

CONCLUSION 

Smart stimuli-responsive hydrogels represent a 

transformative class of biomaterials with a wide 

spectrum of applications. Despite current limitations, 

advancements in polymer chemistry, bioengineering, and 

nanotechnology are rapidly addressing these challenges. 

As the field matures, these intelligent hydrogels will play 

a vital role in next-generation therapies, diagnostics, and 

regenerative medicine. 
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