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INTRODUCTION 

Sustained drug delivery methods reduce adverse effects, enhance patient compliance, and reduce variations in 

medication plasma levels. Because of their special swelling characteristics and simplicity of modification, hydrogel 

beads-especially those created by ionotropic gelation of natural polymers like sodium alginate-have become more 

popular. Precise control over medication release profiles is made possible by layered coatings including chitosan and 
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ABSTRACT 

The most popular and practical method for treating a variety of illnesses is the use of conventional oral dosage 

forms. The incapacity of these forms to sustain consistent therapeutic levels of drug in the bloodstream over an 

extended length of time, however, presents a significant obstacle. This is typically caused by problems like 

incorrect dosage, a short drug half-life, first-pass metabolism, and inadequate absorption. These elements can result 

in local or systemic side effects, limited bioavailability, and inconvenience for patients who must take medication 

on a regular basis.Biopolymers serve as the structural foundation for hydrogel beads, a unique kind of system. 

Hydrogel beads are networks of spherical, cross-linked, hydrophilic polymers that can absorb a lot of water without 

losing their structural integrity. Because of their biocompatibility and adjustable swelling characteristics, they are a 

specific type of hydrogel that is frequently utilized in drug delivery for controlled release. 
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synthetic polymers like Eudragit, which react to physiological pH changes throughout the gastrointestinal tract. 

Innovative preparation techniques, polymeric combinations, and their functions in drug release regulation are 

highlighted in this review of the developments in hydrogel bead technology intended for oral sustained delivery.
[1]

 

 

Because it can hold water inside its porous structure, a three-dimensional cross-linked polymeric network made of 

either natural or synthetic polymers is referred to as a hydrogel. Hydrogels' capacity to absorb and retain water is 

mostly due to the hydrophilic groups—such as amino, carboxyl, and hydroxyl groups—found in their polymer chains. 

These substances greatly expand in an aquatic environment rather than dissolving in water at body temperature and pH.  

Hydrogel beads with three-dimensional hydrophilic polymer networks can hold a lot of water or biological fluids. 

Hydrogels are of great interest for controlled medication release as well as targeted drug delivery. 

 

Hydrogels swell in aqueous conditions and are thermodynamically compatible with water. Hydrogels are comparable to 

natural living tissues because of their great water retention capacity. Hydrogels have gathered a lot of interest for both 

targeted drug delivery and controlled drug release. 

 

The biological half-life of medications is extended via hydrogel-based drug delivery devices. 

 

Controlled drug delivery is one of the many biomedical applications that have been developed over the last few decades 

because to developments in hydrogel technology. Since then, hydrogels have found extensive use in a wide range of 

biomedical domains, including contact lenses, wound dressings, artificial blood vessels, controlled drug delivery 

systems, and soft tissue replacements.
[2,3] 

 

1. Advantages 

1.1 Elevated Capacity to Hold Water 

● Large amounts of water can be absorbed and retained by hydrogel beads in relation to their dry mass. 

● Advantageous for applications including moisture management, cell encapsulation, and controlled release. 

 

1.2 Low Toxicity and Biocompatibility 

● Alginate, gelatin, and PEG are a few examples of hydrogel systems that have outstanding biocompatibility. 

● Extensively utilized in pharmaceutical applications, tissue engineering, cell treatment, and drug delivery.
[4]

 

 

1.3 Adjustable Physicochemical Characteristics 

● Customization is possible for mechanical strength, swelling behavior, porosity, degradation rate, and crosslinking 

density. 

● Allows for precise control over mechanical performance, cell microenvironments, and release kinetics. 

 

1.4 Efficiency of Encapsulation and Protection 

● Give bioactive substances, enzymes, probiotics, and cells a safe microenvironment. 

● Minimize deterioration caused by oxidation, mechanical stress, pH, or enzymes. 

 

1.5 Mild Conditions for Fabrication 

● Numerous techniques for creating beads, such as ionic gelation of alginate, take place in mild environments 

without the need of heat or hazardous chemicals. 

● Ideal for living cells and temperature-sensitive biomolecules.
[5]
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1.6 Scalable and Economical Production 

● Production using emulsification, droplet microfluidics, or extrusion is scalable and reasonably priced. 

● Appealing for use in agriculture and commercial bioprocessing. 

 

1.7 Adaptability in Functionalization 

● Nanoparticles, ligands, medications, or biosensors can all be readily added to hydrogels. 

● Allows for improved mechanical stability, stimuli-responsive behavior, and targeted administration.
[1][6]

 

 

2. Drawbacks 

2.1 Limited Power 

● Many hydrogel beads are brittle and easily distorted, particularly when subjected to shear force. 

● Restricts their use in mechanically dynamic or high-pressure settings. 

 

2.2 Uncontrolled or Explosive Release 

● Initial burst release of loaded chemicals may result from high swelling ratios. 

● Without precise formulation, long-term, continuous release is difficult to produce.
[7]

 

 

2.3 Exposure to Environmental Factors 

● Enzymes, temperature, pH, and ionic strength can all change stability and swelling. 

● Inconsistent performance in intricate real-world systems or in vivo. 

 

2.4 Limitations on Diffusion 

● Nutrients, medications, or gasses diffuse slowly in dense hydrogel networks. 

● Biocatalysis, sensor response times, and beads loaded with cells are all problematic.
[8]

 

 

2.5 Batch-to-Batch Variability 

● Manual or semi-automated fabrication methods may produce beads with 

o inconsistent size 

o polydispersity 

o variable crosslinking 

 

This affects reproducibility and regulatory approval. 

 

2.6 Possible Degradation or Instability 

● Some hydrogels degrade too quickly (e.g., ionically crosslinked alginate), while others degrade too slowly. 

● Requires additional coating, crosslinking, or composite structuring. 

 

2.7 Limited Load Capacity for Some Molecules 

● Hydrophilic matrices poorly encapsulate hydrophobic drugs. 

● Requires formulation techniques such as nanoparticles, emulsions, or hydrophobic modification.
[9,10]
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Preparation and Crosslinking of Hydrogel Beads 

Hydrogel beads are commonly prepared via ionic gelation, involving dropping drug-loaded sodium alginate solution 

into a calcium chloride bath to form ionically crosslinked beads instantly. Crosslinking with divalent cations stabilizes 

the beads into a 3D network. Further modifications include:
[15] 

● Polyelectrolyte Complexation: Chitosan coating interacts electrostatically with alginate improving bead integrity 

and reducing burst release. 

● pH-Sensitive Polymer Coating: Applying methacrylate copolymers like Eudragit for site-specific release in the 

intestine or colon. 

● Alternative Crosslinkers: Tripolyphosphate (TPP) as a crosslinker for chitosan beads or dual crosslinking to 

enhance mechanical strength. 

 

Critical parameters such as polymer concentration, crosslinking ion molarity, and coating thickness are adjusted to tune 

entrapment efficiency, swelling behavior, and release profiles.
[11]  

 

Physical Crosslinking 

In order to create reversible networks and maintain biocompatibility, physical crosslinking depends on non-covalent 

interactions. 

● Ionic Gelation: By bridging alginate chains with "egg-box" junctions, divalent cations (Ca²⁺, Ba²⁺) produce 

mechanically strong beads with swelling ratios up to 400-fold concentration augmentation. 

● Polyelectrolyte Complexation: When oppositely charged polymers, such as chitosan and alginate, are submerged, 

they create electrostatic complexes that tighten pores and reduce burst release without leaving behind chemical 

residues. 

 

Although they produce less stable networks under shear, these techniques function well in moderate settings and 

support medications that are sensitive to heat.
[5,16]

 

 

Chemical Crosslinking 

Chemical crosslinking introduces permanent covalent bonds for enhanced    durability and erosion resistance. 

● Covalent Agents: Glutaraldehyde or genipin reacts with amine groups in chitosan, forming Schiff bases to 

reinforce bead integrity during prolonged exposure. 

● Photopolymerization/Radical Initiation: UV-initiated systems containing acrylamide monomers produce dense 

networks through free radicals, which are perfect for accurate spatial control in microfluidics.  

Ionic cores and covalent shells are combined in hybrid methods to balance strength and reversibility for weeks of 

continuous release.
[5,17]

 

 

Methods to prepare hydrogel beads  

Hydrogel beads are made utilizing a variety of methods that use droplet formation, emulsification, or polymer 

crosslinking to produce spherical structures appropriate for long-term drug administration. Ionotropic gelation, 

extrusion, emulsion-based techniques, and sophisticated microfluidic processes are typical techniques.
[7,18] 

 

 

 



 

371 

World Journal of Pharmaceutical Science and Research                                                        Volume 5, Issue 2, 2026 

www.wjpsronline.com 

● Ionotropic Gelation 

This popular technique creates discrete beads by rapidly inducing ionic crosslinking by dropping a polymer solution 

(such as gellan gum or alginate) into a counterion bath, such as calcium chloride. It is preferred for its ease of use, 

moderate conditions, and capacity to encapsulate delicate medications without the need of heat or harsh chemicals.
[6,8] 

 

● Extrusion/Droplet Techniques 

A syringe or needle is used to extrude polymer solutions dropwise into a gelation medium. This process frequently 

involves physical crosslinking using cooling, pH adjustments, or anti-solvents. Variations include creating stable beads 

with porous networks for uses like heavy metal adsorption by cooling heated gelatin droplets in cold water or oil.
[19] 

 

● Emulsion Suspensions and Polymerization 

Emulsion techniques involve dispersing monomers or precursors in an immiscible phase (such as an oil-water 

emulsion) with surfactants, then polymerizing or gelating the mixture to produce microspheres. For high-performance 

hydrogels, inverse suspension approaches improve absorption kinetics and swelling capacity. 

 

● Electrospray and Microfluidic Methods 

By creating aqueous droplets in oil or organic solvents, microfluidics produces monodisperse micrometer-sized beads 

that allow for exact control over size and homogeneity. Similar precision is provided by electrospray and 

photolithography, making them perfect for biological applications such as cell encapsulation.
[4,7,19]

 

 

Mechanism of Drug Release 

Three main mechanisms are usually involved in drug release from hydrogel beads:  

● Swelling-Controlled Release: As hydrogels swell after absorbing water, their mesh size increases, allowing for 

the slow dispersion of drugs. 

● Diffusion-Controlled Release: The rate at which drugs diffuse through the hydrated polymer network is 

determined by the crosslink density and porosity of the polymer.
[11,12]

 

● Erosion/Degradation-Controlled Release: The medication incorporated in the polymer matrix is gradually 

released by surface or bulk degradation. 

 

According to kinetic models like Korsmeyer-Peppas, these mechanisms frequently operate concurrently. Super case II 

transport, which combines swelling and erosion control, is indicated by a release exponent n>1.
[13][14]

 

 

 

Figure 1: Mechanism of Drug Release. 
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Polymers Used in hydrogel beads 

● Sodium alginate: A naturally occurring anionic polysaccharide that forms the hydrogel core matrix by egg-box 

model crosslinking when divalent cations are present.
[20]

 

● Chitosan: This cationic biopolymer, which is produced by deacetylating chitin, combines with alginate to generate 

polyelectrolyte complexes that improve bead stability and regulate initial drug burst.  

● Eudragit Polymers: Synthetic pH-responsive methacrylate copolymers that allow for targeted distribution in the 

colon or gut by dissolving at particular pH thresholds.
[21] 

 

● Other Polymers: Additives that are optional, such as plasticizers to increase drug retention and bead flexibility or 

tripolyphosphate (TPP) as a substitute crosslinker. 

 

Applications 

● Oral drug delivery 

Hydrogel beads provide prolonged release in the gastrointestinal tract; pH-responsive coatings, such as Eudragit, block 

gastric release and trigger medications like antibiotics and anti-inflammatories at intestinal or colonic pH. By 

preventing enzymatic degradation, they increase the bioavailability of peptides and increase patient compliance by 

extending dose intervals.
[22,3]  

 

● Transdermal and Topical Uses 

Analgesics, hormones, or nicotine are transdermally delivered via beads in hydrogel patches, which use hydration to 

improve skin permeability and lessen irritation. Because of their porosity, wound healing dressings that release 

antimicrobials and encourage tissue regeneration can diffuse under regulated conditions.  

 

● Mucosal and Ocular Delivery 

Ocular hydrogel beads stick to the surface of the eye without requiring frequent dosing, offering glaucoma medicines a 

longer release. Mucoadhesive beads are used in buccal and vaginal applications to distribute hormones or antivirals 

locally, taking advantage of their high water retention for comfort and effectiveness.
[22] 

 

REFERENCES 

1. Singh UK, Sudheer P. Hydrogel Beads-A versatile dimension in controlled oral delivery. Int J Drug Delivery 

Technol, 2022; 12: 1453-64. 

2. UD S, Suruse PB, Patel SU. FORMULATION AND EVALUATION OF HYDROGEL BEADS FOR 

SUSTAINED DELIVERY OF NIFEDIPINE. 

3. Kusuma K, Nischala M, Swathi B, Ramkanth S, Kusuma G. Formulation and evaluation of Losartan hydrogel 

beads. International Journal of Pharmaceutics and Drug Analysis, 2014; 2(9): 788-95. 

4. Ghasemiyeh P, Mohammadi-Samani S. Hydrogels as drug delivery systems; pros and cons. Trends in 

Pharmaceutical Sciences and Technologies, 2019 Mar 1; 5(1): 7-24. 

5. Gadziński P, Froelich A, Jadach B, Wojtyłko M, Tatarek A, Białek A, Krysztofiak J, Gackowski M, Otto F, 

Osmałek T. Ionotropic gelation and chemical crosslinking as methods for fabrication of modified-release gellan 

gum-based drug delivery systems. Pharmaceutics, 2023 Jan; 15(1): 108. 

6. Ahirrao SP, Gide PS, Shrivastav B, Sharma P. Ionotropic gelation: a promising cross linking technique for 

hydrogels. Res Rev J Pharm Nanotechnol, 2014 Dec; 2(1): 1-6.  



 

373 

World Journal of Pharmaceutical Science and Research                                                        Volume 5, Issue 2, 2026 

www.wjpsronline.com 

7. Nie G, Zang Y, Yue W, Wang M, Baride A, Sigdel A, Janaswamy S. Cellulose-   based hydrogel beads: 

Preparation and characterization. Carbohydrate Polymer Technologies and Applications, 2021 Dec 25; 2: 100074. 

8. Gupta S, Dubey S, Patel SK, Lakra AP, Minz S. Chitosan-coated CMC and carbopol hydrogel beads for controlled 

release of metformin in diabetes management. Journal of Applied Pharmaceutical Research, 2025 Apr 30; 13(2): 

73-85. 

9. Chen X. Fabrication of Core-Shell Hydrogel Bead Based on Sodium Alginate and Chitosan for Methylene Blue 

Adsorption. Journal of Renewable Materials, 2024 Apr 1; 12(4). 

10. Kobayashi M, Yamashina A, Satomi K, Tezuka A, Ito S, Asakura M, Kitakaze M, Ferreira JP. Adverse events 

associated with early initiation of Eplerenone in patients hospitalized for acute heart failure. International Journal 

of Cardiology, 2024 Nov 15; 415: 132477. 

11. Philip AK, Samuel BA, Saleh YS, Mohammad BI, Al-Aubaidy HA. pH-responsive chitosan-alginate hydrogel 

beads: for enhanced bioavailability and controlled release of omeprazole. Drug Development and Industrial 

Pharmacy, 2025 Jul 21: 1-6. 

12. RAMBABU BOORUGU RG. EPLERENONE FLOATING MICROSPHERES: RADIOGRAPHIC AND 

PHARMACOKINETIC STUDIES IN RABBITS. Int J App Pharm, 2024; 16(2): 231-6. 

13. Almasri R, Swed A, Alali H. Preparation and Characterization of Hydrogel Beads for Controlled Release of 

Amoxicillin. Jordan Journal of Pharmaceutical Sciences, 2022 Dec 25; 15(4): 523-35. 

14. Kusuma K, Nischala M, Swathi B, Ramkanth S, Kusuma G. Formulation and evaluation of Losartan hydrogel 

beads. International Journal of Pharmaceutics and Drug Analysis, 2014; 2(9): 788-95. 

15. Li Z, Qin R, Xue J, Lin C, Jiang L. Chitosan-Based Hydrogel Beads: Developments, Applications, and Challenges. 

Polymers, 2025 Mar 28; 17(7): 920.  

16. Rashidzadeh B, Shokri E, Mahdavinia GR, Moradi R, Mohamadi-Aghdam S, Abdi S. Preparation and 

characterization of antibacterial magnetic-/pH-sensitive alginate/Ag/Fe3O4 hydrogel beads for controlled drug 

release. International journal of biological macromolecules, 2020 Jul 1; 154: 134-41. 

17. Jain SK, Jain A, Gupta Y, Ahirwar M. Design and development of hydrogel beads for targeted drug delivery to the 

colon. Aaps Pharmscitech, 2007 Sep; 8(3): 56. 

18. Liu H, Wang C, Gao Q, Liu X, Tong Z. Fabrication of novel core-shell hybrid alginate hydrogel beads. 

International journal of pharmaceutics, 2008 Mar 3; 351(1-2): 104-12. 

19. Yin ZC, Wang YL, Wang K. A pH-responsive composite hydrogel beads based on agar and alginate for oral drug 

delivery. Journal of Drug Delivery Science and Technology, 2018 Feb 1; 43: 12-8. 

20. Dai YN, Li P, Zhang JP, Wang AQ, Wei Q. A novel pH sensitive N‐succinyl chitosan/alginate hydrogel bead for 

nifedipine delivery. Biopharmaceutics & drug disposition, 2008 Jan; 29(3): 173-84. 

21. Hu Y, Chen T, Dong X, Mei Z. Preparation and characterization of composite hydrogel beads based on sodium 

alginate. Polymer Bulletin, 2015 Nov; 72(11): 2857-69. 

22. Xu W, Huang L, Jin W, Ge P, Shah BR, Zhu D, Jing J. Encapsulation and release behavior of curcumin based on 

nanoemulsions-filled alginate hydrogel beads. International journal of biological macromolecules, 2019 Aug 1; 

134: 210-5. 


