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ABSTRACT: Gastroretentive drug delivery systems have emerged as innovative pharmaceutical approaches to enhance
bioavailability of drugs with narrow absorption windows. Stimuli-responsive hydrogels represent a breakthrough technology
combining hydrogel properties with intelligent responsiveness mechanisms. This review examines pH-responsive, temperature-
responsive, and multi-stimuli responsive gastroretentive hydrogels for controlled drug delivery. We discuss synthesis
methodologies, polymer selection, characterization techniques, and clinical applications of these intelligent systems, which hold
significant promise for improving oral drug delivery
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I. INTRODUCTION

Oral drug delivery remains the most preferred route of administration due to its non-invasiveness, ease of administration, and
improved patient compliance compared to other delivery routes.! However, conventional oral dosage forms face significant
limitations, particularly when drugs possess a narrow absorption window restricted to the upper gastrointestinal tract or demonstrate
poor solubility at alkaline pH.2 The gastrointestinal transit time plays a critical role in determining drug bioavailability and
therapeutic effectiveness. When drugs transit rapidly through the stomach without adequate residence time, their bioavailability
becomes compromised, necessitating higher doses or more frequent administration.

Gastroretentive drug delivery systems (GRDDS) address these limitations by prolonging the residence time of pharmaceutical
agents in the gastric compartment, providing controlled and sustained drug release at the optimal absorption site.? This approach is
particularly advantageous for medications that demonstrate improved absorption from the stomach or proximal small intestine.
Among the various GRDDS approaches, hydrogels—three-dimensional cross-linked polymer networks capable of absorbing
substantial quantities of water—have emerged as exceptional delivery matrices.*

The integration of stimuli-responsive functionality into hydrogel matrices has revolutionized controlled drug delivery by enabling
"intelligent™ systems that modulate drug release in response to physiological conditions.® Stimuli-responsive hydrogels, commonly
termed "smart" hydrogels, possess the capacity to undergo controlled physical or chemical transformations when exposed to external
triggers such as pH changes, temperature fluctuations, or specific enzymatic activity.® The combination of gastroretentive properties
with stimuli-responsive characteristics represents a paradigm shift in pharmaceutical dosage form design, offering superior control
over drug release patterns compared to conventional systems.

Il. MECHANISMS OF GASTRORETENTION

Gastroretentive drug delivery systems retain pharmaceutical agents within the gastric compartment through multiple mechanistic
approaches. Floating systems maintain buoyancy in gastric fluid through density modulation, with densities lower than gastric
contents (normal density 1.004 g/mL), allowing them to remain buoyant while the stomach undergoes digestive processes.” The
achievement of flotation typically involves incorporation of volatile gas-generating compounds such as sodium bicarbonate and
citric acid, or the use of low-density materials.

Mucoadhesive systems exploit adhesive interactions between polymer matrices and the mucous membrane lining the gastric
epithelium through hydrogen bonding, van der Waals forces, and electrostatic interactions.® The extended contact between the
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dosage form and mucosal surface significantly prolongs gastric residence time while facilitating sustained drug release.
Mucoadhesion in gastroretentive hydrogels is primarily achieved through incorporation of mucoadhesive polymers such as chitosan,
sodium alginate, and hydroxypropyl methylcellulose (HPMC).
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Fig 1: Mechanisms of Gastroretentive Drug Delivery

Expansion systems function through a fundamentally different mechanism wherein the hydrogel matrix swells dramatically upon
contact with gastric fluid to achieve dimensions exceeding the diameter of the pyloric sphincter (approximately 10-15 mm).® This
size expansion physically prevents passage through the pylorus, thereby achieving prolonged gastric residence. Superporous
hydrogels (SPHs) represent the prototype expansion-based system, capable of rapid swelling within minutes to dimensions many
times their original size, achieving extended gastric residence periods of 12-24 hours.

IHI.LPOLYMERS FOR GASTRORETENTIVE HYDROGELS

The selection of appropriate polymer(s) constitutes a critical determinant of hydrogel performance in gastroretentive drug delivery
applications. Both natural and synthetic polymers have demonstrated efficacy in this context, each offering distinct advantages and
limitations.'® Chitosan, a cationic polysaccharide derived from chitin deacetylation, represents a primary natural polymer for
gastroretentive hydrogels due to its positive charge enabling strong electrostatic interactions with negatively charged gastric
mucosa.l* Chitosan hydrogels demonstrate excellent mucoadhesion, rapid swelling capability, mechanical strength adequate to
withstand gastric contractions, and intrinsic antimicrobial properties.

Sodium alginate, an anionic polysaccharide derived from brown algae, forms ionic cross-linked hydrogels when exposed to divalent
cations such as calcium. Alginate hydrogels exhibit rapid gelation, superior mechanical strength, excellent biocompatibility, and
capacity for sustained drug release. Synthetic polymers including polyethylene glycol (PEG) and polyvinyl alcohol (PVA) offer
advantages including standardized composition, reproducible performance, and superior tunability of physicochemical properties.’2
PEG-based hydrogels exhibit controlled swelling behavior and mechanical properties readily adjustable through variation of
molecular weight and crosslinking density. Contemporary hydrogel formulations increasingly utilize combinations of natural and
synthetic polymers to synergistically optimize performance characteristics, such as chitosan/PVVA composites combining superior
mucoadhesion with excellent mechanical properties.3

IV.PH-RESPONSIVE GASTRORETENTIVE HYDROGELS

pH-responsive hydrogels represent the most extensively developed stimuli-responsive systems for pharmaceutical delivery
applications, capitalizing on significant pH gradients existing throughout the gastrointestinal tract.'* The stomach maintains a highly
acidic environment (pH 1.2-3.0) due to hydrochloric acid secretion, while the small intestine exhibits substantially more alkaline
conditions (pH 6.0-8.0).

pH-responsive hydrogels contain ionizable functional groups within the polymer backbone such as carboxylic acids (-COOH) and
amines (-NH:)."* These ionizable groups undergo protonation or deprotonation in response to environmental pH changes, causing
dramatic alterations in polymer charge density and hydration state. When pH-responsive hydrogels containing weakly acidic groups
are exposed to the acidic gastric environment, carboxylic acid groups remain primarily protonated, rendering the network less

hydrophilic and resulting in collapsed gel configuration. This collapsed state restricts drug diffusion, enabling minimal drug release
in the stomach. As the hydrogel transitions to the neutral or alkaline small intestine environment, carboxyl groups become
progressively ionized, producing anionic charges that generate electrostatic repulsion within the polymer network, causing dramatic
swelling and accelerated drug release.

pH-responsive hydrogels are typically synthesized through free radical polymerization of vinyl monomers including acrylic acid
and acrylamide in agueous solution, cross-linked by multifunctional agents.'¢ Poly(methacrylic acid-co-acrylamide) hydrogels have
been extensively studied for pH-responsive drug delivery, demonstrating minimal drug release at acidic pH but substantial release
at alkaline pH. pH-responsive gastroretentive hydrogels prove particularly advantageous for therapeutic agents requiring protection
from gastric acid degradation or demonstrating superior absorption in the small intestine. Ranitidine, an H.-receptor antagonist, has
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been successfully formulated in pH-responsive chitosan/PVVA hydrogels achieving controlled release over 12 hours with excellent
stability in acidic gastric conditions.
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Fig 2: pH-Responsive and Temperature-Responsive Drug Release
V. TEMPERATURE-RESPONSIVE HYDROGELS

Temperature-responsive (thermoresponsive) hydrogels exhibit dramatic changes in physical state and swelling behavior in response
to temperature variations, representing an elegant approach to achieving triggered drug release.'” These systems exploit the lower
critical solution temperature (LCST) phenomenon, wherein polymer-water interactions transition from favorable to unfavorable
above a critical temperature. Poly(N-isopropylacrylamide) (pNiPAAm) represents the most extensively characterized
thermoresponsive polymer, possessing an LCST of approximately 32°C, proximal to physiological body temperature.

Below the LCST, pNiPAAm exists as a hydrophilic, water-soluble polymer permitting maximum drug loading and minimal
diffusion. As temperature increases above the LCST upon systemic administration, hydrophobic associations increase, causing gel
formation, drug immobilization, and sustained release. Temperature-responsive hydrogels are synthesized through
copolymerization of thermoresponsive monomers with additional functional monomers enabling pH responsiveness or
mucoadhesion enhancement.!® Block copolymers of pNiPAAm with biodegradable polymers demonstrate temperature-triggered
drug release with burst release above the LCST followed by sustained diffusion-controlled release. Thermoresponsive hydrogels
demonstrate complex drug release kinetics influenced by multiple factors including drug hydrophobicity, polymer-drug interactions,
and hydrogel degradation rates.

VI.MULTI-STIMULI RESPONSIVE HYDROGELS

Contemporary pharmaceutical development increasingly emphasizes multi-stimuli responsive systems offering superior control and
specificity compared to single-stimulus systems.!® These intelligent hydrogels respond to two or more environmental stimuli
simultaneously, permitting hierarchical, stage-specific drug release dependent on simultaneous satisfaction of multiple conditions.
Dual pH and temperature-responsive hydrogels combining poly(NiPAAm-co-acrylic acid) exhibit complex release kinetics
influenced independently by each stimulus, with small pH changes dramatically altering LCST and enabling temperature-triggered
release at different pH values.

Dual pH and redox-responsive hydrogels demonstrate particular utility for cancer therapy, as tumors typically exhibit both reduced
pH (5.5-6.5) and elevated reducing conditions compared to healthy tissues. Such hydrogels remain stable in neutral pH, oxidative
plasma but rapidly degrade and release drugs in tumor microenvironments simultaneously satisfying both pH and redox conditions.
Effective multi-responsive hydrogels require careful design ensuring that multiple functional components remain independently
responsive rather than suppressing or interfering with individual stimulus responses. Interpenetrating network structures where
distinct polymer types provide different stimulus-responsive components represent one successful strategy.

VIl. SUPERPOROUS HYDROGELS FOR RAPID GASTRORETENTION

Superporous hydrogels (SPHs) represent a specialized category of hydrogels designed specifically for gastroretentive applications,
characterized by exceptional rapid swelling kinetics, high swelling capacity, and adequate mechanical strength despite extensive
porosity. Superporous hydrogels possess average pore sizes of 50-3,000 um, far exceeding conventional crosslinked hydrogels
(typically 10-100 nm), enabling rapid water absorption through capillary wetting mechanisms rather than diffusion-limited
swelling.?® This structural distinction enables SPHs to achieve equilibrium swelling within 5-30 seconds compared to minutes or
hours for conventional hydrogels.

The exceptional rapid swelling of SPHs results from the interconnected macroporous network structure that facilitates direct water
penetration via capillary forces throughout the hydrogel volume. Upon contact with gastric fluid, SPHs absorb and swell to sizes
100-300 times their original weight within minutes, achieving dimensions exceeding the pyloric sphincter opening and achieving
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gastric retention. Initial generation SPHs possessed poor mechanical properties, readily fracturing under gastric contractile stresses.
Subsequent developments produced second-generation superporous hydrogel composites (SPHCs) incorporating mechanically
reinforcing agents such as crosslinked sodium carboxymethylcellulose, achieving improved mechanical strength while maintaining
rapid swelling characteristics.

Superporous hydrogels are synthesized through free radical polymerization of vinyl monomers (typically acrylic acid and
acrylamide) in aqueous solution containing sacrificial porogen agents that create pore structure. Sodium bicarbonate serves as gas-
generating blowing agent, producing carbon dioxide bubbles during polymerization that form the interconnected macroporous
network structure. Inclusion of disintegrants such as croscarmellose sodium significantly enhances mechanical properties while
maintaining rapid swelling by increasing gel strength without substantially reducing swelling rate.

VIIl. CHARACTERIZATION TECHNIQUES

Comprehensive characterization of stimuli-responsive gastroretentive hydrogels requires application of complementary analytical
and physicochemical techniques validating structural integrity, confirming stimuli responsiveness, and predicting in vivo behavior.
Fourier Transform Infrared (FTIR) spectroscopy enables identification of functional groups and confirmation of copolymer
synthesis through characteristic absorption peaks corresponding to C-H stretching, C=0 stretching, and functional group vibrations.
X-ray diffraction (XRD) characterization provides crystallinity information and confirms morphological changes induced by
copolymerization.

Scanning electron microscopy (SEM) enables visualization of pore structure, size distribution, and surface morphology, with
superporous hydrogels demonstrating distinctive macroporous structures with interconnected pores visible as dark regions in
electron micrographs. Water absorption capacity is quantified by immersing dried hydrogel samples in excess distilled water for
defined periods, removing surface water via blotting, and calculating swelling ratio as (wet weight - dry weight)/(dry weight). pH-
responsive hydrogels are evaluated by measuring swelling ratios in buffer solutions of varying pH (typically 3.0-8.0), confirming
pH-dependent swelling behavior. In vitro dissolution studies employ standard compendial apparatus with simulated gastric and
intestinal fluids, enabling assessment of drug release profiles and stimulus-triggered release mechanisms.

IX.APPLICATIONS AND CLINICAL SIGNIFICANCE

Gastroretentive hydrogels responsive to external stimuli demonstrate broad pharmaceutical applications for diverse therapeutic
agents requiring enhanced bioavailability and controlled delivery. Gastroretentive hydrogel delivery systems prove particularly
valuable for drugs possessing restricted absorption windows in the stomach or proximal small intestine, such as riboflavin (vitamin
B.), which demonstrates preferential absorption in the upper gastrointestinal tract, with bioavailability increasing significantly when
gastric retention enables prolonged contact with absorptive epithelium.

Pharmacological agents including ranitidine and metformin demonstrate acid lability or require gastric acidity for solubility,
necessitating gastroretentive delivery to the stomach environment. Furosemide exhibits extremely poor solubility in alkaline pH,
with bioavailability severely compromised if transit to alkaline small intestine occurs before complete dissolution in gastric fluid.
Diazepam, a widely prescribed anxiolytic benzodiazepine, demonstrates diminished solubility and absorption in alkaline intestinal

pH, benefiting substantially from gastroretentive systems maintaining drug in the acidic stomach where maximum solubility and
absorption occur.
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Fig 3: Gl Tract Drug Journey

Helicobacter pylori eradication requires effective antimicrobial agent delivery to gastric mucosa where bacteria colonize.
Gastroretentive hydrogel formulations of antimicrobials including amoxicillin and clarithromycin achieve enhanced bacterial
contact time, improving eradication rates and reducing treatment duration. Prolonged gastric retention dramatically increases
bioavailability for drugs with restricted absorption windows through maintained exposure to optimal absorption sites, increasing
maximum serum concentrations and area under the concentration-time curve.
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X. ADVANTAGES, LIMITATIONS, AND FUTURE PERSPECTIVES

Gastroretentive hydrogels responsive to external stimuli offer multiple compelling advantages revolutionizing oral pharmaceutical
delivery. Prolonged gastric retention dramatically increases bioavailability for drugs with restricted absorption windows through
maintained exposure to optimal absorption sites. Sustained drug release from gastroretentive systems maintains consistent
therapeutic drug levels, avoiding the peak-trough fluctuations characteristic of conventional dosage forms. Stimulus-responsive
nature enables site-specific delivery to target tissues, minimizing systemic drug exposure and associated adverse effects while
maximizing local therapeutic action. Reduction of dosing frequency from multiple daily administrations to once-daily or weekly
schedules substantially improves patient compliance, a critical determinant of therapeutic success particularly for chronic disease
management. The intelligent release mechanisms ensure gradual, controlled delivery even if the dosage form fragments prematurely,
preventing dose dumping and associated acute toxicity.

Despite numerous advantages, gastroretentive hydrogels responsive to external stimuli face significant challenges limiting clinical
implementation. Substantial inter-patient variability in gastric pH (1.2-3.5), motility patterns, and fed/fasted state significantly
influences gastroretentive system performance. Fasting state gastric motility differs markedly from postprandial conditions,
affecting both drug residence time and release kinetics. Food intake dramatically alters gastric pH, residing time, and fluid volume,
substantially impacting drug delivery predictability. Gastric atrophy, peptic ulcer disease, or post-surgical anatomical modifications
dramatically alter the gastric environment, potentially rendering gastroretentive systems ineffective. Many hydrogels, particularly
those emphasizing rapid swelling for gastroretention, exhibit insufficient mechanical strength to withstand gastric contractile forces,
and formulations may fragment prematurely, losing gastroretention capability. Extensive in vitro characterization, animal testing,
and human clinical studies demonstrating safety and efficacy remain mandatory prerequisites for regulatory approval.

Ongoing research continues advancing gastroretentive hydrogel technology through innovations in material science, formulation
design, and characterization techniques. Development of environmentally responsive polymers incorporating dynamic bonds
enabling reversible crosslinking-uncrosslinking transitions provides superior control over hydrogel properties. Integration of
nanoparticles including iron oxide and gold into hydrogel matrices creates multifunctional systems combining drug delivery with
diagnostic or therapeutic nanoparticle functionalities. Advanced three-dimensional printing technologies enable fabrication of
patient-customized gastroretentive hydrogels with precise geometry, porosity, and stimulus-responsive properties optimized for
individual patient physiology. Machine learning algorithms applied to large datasets of hydrogel synthesis parameters and resulting
physicochemical properties enable prediction of optimal formulation compositions for achieving specific delivery objectives.

X1.CONCLUSION

Gastroretentive hydrogels responsive to external stimuli represent a transformative advancement in oral pharmaceutical drug
delivery, addressing fundamental limitations of conventional dosage forms through the intelligent combination of hydrogel
biocompatibility with responsive functionalities enabling stimulus-triggered drug release. Extensive research has established the
feasibility and therapeutic potential of diverse stimuli-responsive mechanisms including pH-, temperature-, redox-, and multi-
stimuli responsive systems, with superporous hydrogels offering rapid swelling kinetics for mechanical expansion-based
gastroretention. Despite persistent challenges including physiological variability, manufacturing scale-up complexity, and
regulatory requirements, the therapeutic benefits of gastroretentive hydrogels justify continued research investment. Future clinical
implementation of these intelligent delivery systems will substantially improve therapeutic outcomes through enhanced
bioavailability, reduced dosing frequency, improved patient compliance, and minimized adverse effects, establishing gastroretentive
hydrogels as standard therapeutic tools in 21st century therapeutics.
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