
International Journal of Science and Research Methodology (IJSRM) 

Volume 28, Issue 10, October 2025  ijsrm.humanjournals.com ISSN: 2454-2008 
 

 

Page | 3  
 

Advanced Polymer-Based Hydrogels for Precision Drug Delivery: A Mechanistic and 

Future-Focused Review 

Shital Vasant Khot1*, Sakshi Shankar Thombare2, Prajakta Subhash Shriram3, Ashutosh Dinkar 

Vaswade4, Dipak Babaso Bhingardeve5 

1,2,3,4 Dr. Shivajirao Kadam College of Pharmacy Kasabe Digraj, Tal-Miraj Dist-Sangli, MH, India ,416305 
5 Shree Santkrrupa College of Pharmacy, Ghogaon, Tal-Karad Dist-Satara, MH, India,415111 

----------------------------------------------------------------------------------------------------------------------------- ------------------------------ 

 Received: 14 September 2025                                   Revised: 02 October 2025                                   Accepted: 16 October 2025    

----------------------------------------------------------------------------------------------------------------------------- ------------------------------ 

ABSTRACT 

Advanced polymer-based hydrogels have garnered significant attention in recent years as intelligent platforms for precision drug 

delivery. These hydrophilic, three-dimensional polymer networks can absorb large volumes of biological fluids and release 

therapeutic agents in a controlled, site-specific manner. Their ability to respond to a range of physiological stimuli—such as pH, 

temperature, enzymes, and redox conditions—makes them ideal for targeted therapy with minimal systemic toxicity. Recent 

innovations in both synthetic and natural polymer systems have enabled the development of stimuli-responsive, biodegradable, and 

injectable hydrogels suitable for various routes of administration, including oral, transdermal, ocular, and parenteral. This review 

highlights the fundamental mechanisms of drug release from hydrogels, such as diffusion, swelling, and degradation, and discusses 

their current applications in treating cancer, diabetes, wound healing, and neurological disorders. It also outlines future directions, 

including the integration of hydrogels with nanotechnology, 3D bioprinting, and personalized medicine to develop more adaptive 

and patient-specific drug delivery systems. 
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INTRODUCTION: 

Polymer-based hydrogels are advanced materials composed of three-dimensional networks of hydrophilic polymers capable of 

absorbing and retaining large amounts of water and biological fluids. Their unique structure and physicochemical properties have 

propelled them to the forefront of modern drug delivery research, offering significant advantages over traditional delivery systems. 

These hydrogels enable precision drug delivery by facilitating controlled and sustained release of therapeutics, maintaining optimal 

drug concentrations and enhancing patient compliance through reduced dosing frequency. Crucially, polymer-based hydrogels can 

be engineered to respond to various physiological stimuli—such as pH, temperature, or the presence of specific enzymes—thereby 

enabling site-specific and targeted therapy, and minimizing unwanted systemic side effects. The versatility of hydrogels 

accommodates a diverse array of therapeutic agents, including small molecules, proteins, peptides, and nucleic acids, making them 

suitable for the treatment of numerous medical conditions. (1) 

Continued research has focused on integrating smart, stimuli-responsive functionalities, improving mechanical strength, and 

enhancing biocompatibility and biodegradability. Innovations such as injectable hydrogels and nano-hydrogel formulations further 

expand their potential, promoting the development of personalized and combination therapies tailored to individual patient needs. 

Advances in the design and synthesis of these hydrogels are paving the way towards next-generation drug delivery systems, 

promising greater efficacy, safety, and convenience for patients. 

Looking ahead, the future of polymer-based hydrogel drug delivery lies in overcoming current challenges—such as mechanical 

robustness, scalability, and regulatory approval—and realizing their full potential in clinical applications, including personalized 

and regenerative medicine. The rapid evolution of this field signals a paradigm shift toward smarter, more effective therapeutic 

strategies. (2) 

Recent advances in polymer chemistry and nanotechnology have facilitated the design of "smart" or stimuli-responsive hydrogels 

that can release therapeutic agents in a controlled manner at specific sites or in response to pathological triggers. These systems are 
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particularly beneficial for chronic diseases such as cancer, diabetes, and autoimmune disorders, where temporal and spatial control 

of drug release can significantly enhance therapeutic efficacy while minimizing side effects (3). 

The mechanisms of drug release from hydrogels may include diffusion, swelling, degradation, or environmental-triggered 

disintegration, depending on the polymer structure and crosslinking strategy used. Innovations in synthetic and natural polymer 

combinations, such as PEG, PVA, chitosan, alginate, and pluronic derivatives, have broadened the application spectrum from oral 

and transdermal to injectable and implantable systems (4). 

As research continues, the future prospects of polymeric hydrogels lie in their integration with advanced technologies such as 3D 

bioprinting, personalized medicine, and nanocarriers to create next-generation drug delivery platforms. These developments aim to 

provide more precise, patient-specific therapeutic regimens with real-time adaptability and minimal invasiveness. 

Table 1 Classification of Polymer-Based Hydrogels 

Criteria Type Examples 

1. Based on Source Natural Polymer Hydrogels Alginate, Chitosan, Gelatin, Hyaluronic acid, Collagen 

 Synthetic Polymer Hydrogels 
PEG (Polyethylene glycol), PVA (Polyvinyl alcohol), PNIPAM, 

PLA, PLGA 

 Semi-Synthetic Hydrogels Modified cellulose, PEGylated chitosan 

2. Based on Composition Homopolymer Hydrogels PVA-based hydrogels 

 Copolymer Hydrogels PEG-co-PLA, Poly(acrylamide-co-acrylic acid) 

 Interpenetrating Polymer 

Networks 
PVA/PAA, PEG/Chitosan IPNs 

3. Based on Crosslinking Physically Crosslinked Hydrogels Hydrogen bonding, Ionic interaction, Crystallization 

 Chemically Crosslinked 

Hydrogels 

Covalent bonding using crosslinkers (e.g., glutaraldehyde, 

genipin) 

4. Based on Stimuli 

Response 

Stimuli-Responsive (Smart) 

Hydrogels 

pH-sensitive, Temperature-sensitive, Enzyme-responsive, 

Redox-responsive 

 Non-Responsive (Conventional) Constant release without environmental triggers 

5. Based on Degradability Biodegradable Hydrogels Chitosan, Gelatin, PEG-PLGA, Fibrin 

 Non-Biodegradable Hydrogels Polyacrylamide, PHEMA 

                                                         

Fig 1 Mechanisms of drug release from hydrogels 
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Mechanism of Drug Release in Advanced Polymer-Based Hydrogels 

The drug release behavior from advanced polymer-based hydrogels is governed by several interrelated physicochemical 

mechanisms. These include: 

1. Diffusion-Controlled Mechanism 

In this mechanism, drug molecules diffuse through the water-filled pores of the hydrogel matrix. The diffusion rate is influenced by 

the degree of crosslinking, polymer composition, and the molecular size of the drug. This is the most common mechanism in 

hydrogels, particularly for hydrophilic drugs. 

Fickian diffusion occurs when the polymer matrix is rigid and drug transport is faster than polymer relaxation. 

Non-Fickian (anomalous) diffusion is observed when both drug diffusion and polymer relaxation contribute to the release process. 

(5) 

2. Swelling-Controlled Release 

Hydrogels swell in response to environmental stimuli (e.g., pH, temperature), allowing the drug to be released as the matrix absorbs 

water and expands. This mechanism is particularly useful in oral and mucosal delivery where pH changes significantly.(6) 

3. Stimuli-Responsive Release 

Smart hydrogels can undergo structural changes in response to external stimuli like: 

pH-responsive hydrogels: Use ionizable groups (e.g., carboxyl or amine) that swell or shrink depending on the pH of the 

environment. 

Thermo-responsive hydrogels: Exhibit sol–gel transitions near body temperature (e.g., poly(N-isopropylacrylamide)). 

Enzyme-sensitive hydrogels: Degrade in the presence of disease-specific enzymes, useful in tumor-targeted delivery. (7) 

Stimuli-responsive hydrogels and their applications as shown in fig 2 

 

Fig. 2. Schematic representation of stimuli-responsive hydrogels and their applications. 
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4. Dual and Multi-Stimuli Responsive Mechanisms 

Hydrogels can be engineered to respond to multiple stimuli simultaneously (e.g., pH and temperature, or redox and enzymatic 

activity) for more precise spatial and temporal control of drug delivery. (8) 

Table 2 Classification of synthetic advanced polymers 

Polymer Name Key Features Applications 

Poly(ethylene glycol) (PEG) 
Biocompatible, hydrophilic, tunable; forms 

physical or chemical hydrogels 

Drug delivery, tissue engineering, 

cell encapsulation 

Poly(N-isopropylacrylamide) 

(PNIPAM) 
Thermo-responsive (LCST ~32°C) Temperature-sensitive drug release 

Pluronic® (Poloxamers) 
Thermo-reversible, triblock copolymer (PEO-PPO-

PEO) 

Injectable hydrogels, controlled drug 

delivery 

Poly(vinyl alcohol) (PVA) Chemically crosslinked; good mechanical strength Wound dressing, ocular drug delivery 

Poly(acrylic acid) (PAA) pH-responsive, high water absorption 
Oral drug delivery, mucoadhesive 

systems 

Poly(2-hydroxyethyl methacrylate) 

(PHEMA) 
Hydrophilic, stable, soft Contact lenses, implant coatings 

Challenges And Limitations of Smart Polymers In Drug Delivery: 

Stability  Problem : One  of  the  major  drawbacks  of  using  smart  polymers  in  drug  delivery  is  their  stability.  Smart polymers  

are  often  sensitive  to  environmental  conditions  such  as  temperature,  pH,  and  ionic  strength,  which  can affect  their  

functionality  and  reliability.  For  example,  thermo-sensitive  and  pH-sensitive  polymers,  which  undergo phase  transitions  to  

release  drugs,  may  lose  their  responsiveness  under  conditions  that  deviate  from  the  optimal range.  This  can  further  cause  

a  variation  in  drug  release  profiles,  lowering the therapeutic  effectiveness  of  the  drug delivery system (9). The degradation of 

these polymers can also result in premature drug release or failure to release the drug at the targeted site, making their application 

in clinical settings more complex and unpredictable (10). 

Scalability and Manufacturing Issues: Large-scale production of smart polymer-based drug delivery systems is another major  

challenge.  Most  smart  polymers  are  synthesized  through  complex  chemical  processes  that  may  be  hard  to reproduce in bulk 

manufacturing, which leads to variations in the polymer's properties such as size, shape, and drug encapsulation efficiency. 

Moreover, the addition of nanoparticles or other components to these systems complicates the  scaling  process.  Lack  of  

standardized  protocols  forthe  manufacture  of  these  materials  may  result  in  higher production costs and, consequently, less 

extensive clinical applications (11). This challenge will only be overcome if there  is  development  of  more efficient, cost-effective, 

and  scalable  manufacturing techniques that  bring these  smart polymer-based systems to the commercial market. 

Toxicity  and  Biocompatibility  Concerns: Even  though  smart  polymers  enhance  drug  targeting,  toxicity  and biocompatibility 

are some of the key concerns. Some degradation products resulting from the breakdownof polymers may cause cytotoxicity or 

immune responses against the drug delivery site. For example, a polymer that breaks down into  acidic  by-products  causes  

inflammation  or  tissue  damage  at  the  site  of  drug  delivery  (12).  Long-term biocompatibility  in  chronic  drug  delivery  

applications  has  also  not  been  proven  for  smart  polymers.  This requires extensive in vivo studies and strict clinical testing to 

ensure that these materials are safe and biocompatible for use in humans. 

High Production Costs: Synthesis of smart polymers requires expensive raw materials and sophisticated techniques. Additional 

costs of production come from including nanoparticles or biomolecules, which are often part of the drug delivery system. For 

instance, polymer-drug conjugates released with a highly controlled release mode require unique chemical synthesis that  is  time-

consuming and often expensive. The high  costs may deter the wide  use  of smart polymers in drug delivery, mainly for developing 

countries and low-resource settings. Addressing these cost issues by improving synthetic methods  or  using  less  expensive  

materials  could make  these  technologies  more  accessible  and cost-effective in the future. 
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Opportunities: 

Integration With Nanotechnology and Bioprinting 

Integration of smart polymers  with  nanotechnology and bioprinting has revolutionized  drug  delivery  and  tissue engineering.  

The materials known  as  smart  polymers  are  very  versatile,  and  these  materials  can  be  programmed  to respond to various 

stimuli, such as temperature, pH, or light, to carry out specific and targeted therapeutic actions. In nanotechnology, smart polymers 

are applied for the production of stimuli-responsive nanocarriers. Thermoresponsive polymers, for instance, PNiPAAm changes 

from a hydrophilic-to-hydrophobic at a particular temperature, which will deliver drugs in the target location accurately. Such 

property is advantageous especially in the cancer therapy in which the increased temperatures  in  tumor  microenvironments  can  

stimulate  localized  drug  delivery.  Bioprinting, for example,  makes  use  of  photo responsive  smart  polymers  such  as  gelatin  

methacryloyl  (GelMA)  to  form  cross-linked hydrogels by light. Such hydrogels closely replicate the extracellular matrix, giving 

structural support for the growth of cells and formation of tissues. These include tissue engineered for regenerative medicine and 

modeling diseases (13). 

Applications of Advanced Polymer-Based Hydrogels in Precision Drug Delivery 

Advanced polymer-based hydrogels have revolutionized drug delivery by offering site-specific, controlled, and sustained release of 

therapeutic agents. Their unique physical and chemical properties have enabled a wide range of biomedical applications, particularly 

in treating chronic and complex diseases. Below are key application areas with supporting references: 

1. Cancer Therapy 

Hydrogels provide localized drug delivery directly to tumor sites, minimizing systemic toxicity and enhancing efficacy. Thermo- 

and pH-responsive hydrogels can release anticancer drugs (e.g., doxorubicin, paclitaxel) in the acidic tumor microenvironment. 

Example: Injectable hydrogels based on PEG and chitosan have been used for intratumoral delivery of chemotherapeutics and 

immunotherapies (14). 

2. Diabetes Management 

Hydrogels can serve as glucose-responsive systems to deliver insulin in response to changing blood glucose levels. Concanavalin 

A or phenylboronic acid-modified hydrogels swell or degrade in hyperglycemic conditions to release insulin. (15) 

3. Wound Healing 

Hydrogels maintain a moist environment, absorb exudates, and can be loaded with antibiotics, growth factors, or anti-inflammatory 

agents for enhanced wound healing. They can also be designed to release drugs in response to infection-related stimuli like pH or 

enzymes. (16) 

4. Ocular Drug Delivery 

Hydrogels offer prolonged drug residence time on the ocular surface, overcoming limitations of eye drops. In situ gelling hydrogels 

based on poloxamers or cellulose derivatives can improve drug bioavailability in glaucoma and postoperative care. (17) 

5. Central Nervous System (CNS) Disorders 

Biodegradable hydrogels allow localized delivery of neuroprotective agents or stem cells in diseases like Parkinson’s, Alzheimer’s, 

and spinal cord injuries. They help bypass the blood-brain barrier and reduce systemic effects. (18) 

6. Tissue Engineering and Regenerative Medicine 

Hydrogels act as scaffolds for cell growth, delivering growth factors or stem cells to promote tissue regeneration. Their mechanical 

properties can be tuned to mimic natural extracellular matrix (ECM). (19) 

 

 



International Journal of Science and Research Methodology (IJSRM) 

Volume 28, Issue 10, October 2025  ijsrm.humanjournals.com ISSN: 2454-2008 
 

 

Page | 8  
 

Conclusion: 

Advanced polymer-based hydrogels offer significant advantages in precision drug delivery, including biocompatibility, controlled 

release, and responsiveness to physiological stimuli. Their ability to deliver drugs locally and sustainably makes them ideal for 

treating chronic and complex diseases. 

Future Perspectives: 

Future developments will focus on multi-stimuli-responsive systems, personalized and 3D printed hydrogels, integration with 

wearable biosensors, and gene delivery platforms. Overcoming challenges in scalability, long-term safety, and clinical translation 

will be key to realizing their full potential in precision medicine. 
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