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ABSTRACT

Gastroretentive drug delivery systems (GRDDS) represent a significant advancement in oral pharmaceutical technology,
designed to prolong gastric residence time and optimize drug absorption from the upper gastrointestinal tract. This
comprehensive review examines the physiological basis, technological approaches, polymeric strategies, and clinical
applications of gastroretentive systems. The fundamental challenge in oral drug delivery—rapid gastric emptying and
variable transit time—is addressed through various retention mechanisms including floating systems (effervescent and
non-effervescent), bioadhesive systems, high-density systems, expandable systems, and magnetic systems. Floating drug
delivery systems utilize buoyancy principles with gas-generating agents and hydrophilic polymers such as hydroxypropyl
methylcellulose (HPMC) and polyethylene oxide to achieve prolonged gastric retention exceeding 12 hours. Non-floating
approaches employ mucoadhesion, swelling, or density manipulation to enhance retention. Critical formulation
parameters including polymer selection, matrix composition, and excipient functionality are discussed alongside
comprehensive evaluation methodologies encompassing buoyancy studies, dissolution testing, and in vivo assessment
techniques. The review highlights ideal drug candidates benefiting from gastroretention—particularly those with narrow
absorption windows, acid stability, and local gastric action—with metoprolol succinate presented as a clinically relevant
case study. Patent landscape and commercial developments demonstrate growing pharmaceutical interest. Current
limitations and future perspectives including personalized medicine approaches and emerging technologies are critically
analyzed. Gastroretentive systems offer substantial therapeutic advantages through enhanced bioavailability, reduced
dosing frequency, minimized side effects, and improved patient compliance, positioning them as promising platforms for
next-generation oral drug delivery.

Keywords: Gastroretentive drug delivery, Floating systems;, Mucoadhesive systems;, HPMC; Controlled release;
Bioavailability enhancement

How to cite this article: Yogesh, Kumar C, Redhu R, Mehra R, Jangra K. Gastroretentive Drug Delivery Systems:
Technological Advances, Polymeric Strategies, and Clinical Applications for Enhanced Oral Bioavailability. Int J Drug
Deliv Technol. 2026;16(39s): 81-94. DOI: 10.25258/1jddt.16.39s.11

Source of support: Nil.
Conflict of interest: None

INTRODUCTION and improving patient adherence’. However, conventional
Oral drug administration remains the most preferred and oral controlled release formulations face significant
convenient route for therapeutic agent delivery due to its  limitations when drugs exhibit narrow absorption
non-invasive  nature, patient compliance, cost- windows, regional absorption variability, or instability in
effectiveness, and ease of manufacturing. The lower gastrointestinal environments’.

development of oral controlled release drug delivery
systems has revolutionized pharmaceutical technology by
enabling sustained therapeutic drug concentrations,
reducing dosing frequency, minimizing adverse effects,

The gastrointestinal transit of dosage forms is highly
variable, with gastric emptying time ranging from minutes
to hours depending on physiological and formulation
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factors’. For drugs primarily absorbed in the stomach or
upper small intestine, rapid gastric emptying results in
incomplete drug release at the absorption site, leading to
reduced bioavailability and therapeutic variability’. This
challenge is particularly critical for drugs with short
biological half-lives, pH-dependent solubility, or site-
specific absorption requirements’.

Gastroretentive drug delivery systems (GRDDS) have
emerged as innovative pharmaceutical platforms designed
to prolong dosage form residence in the gastric
environment, thereby extending drug release duration at
the optimal absorption site’. By maintaining prolonged
gastric retention time (GRT), these systems ensure
continuous drug presentation to the absorptive epithelium,
enhance bioavailability of drugs with absorption windows,
provide local therapeutic action for gastric disorders, and
achieve sustained plasma concentrations with reduced
fluctuations’.

This comprehensive review examines the physiological
foundations of  gastric  retention, technological
classifications of gastroretentive systems, polymeric and
excipient strategies, formulation considerations, evaluation
methodologies, clinical applications, patent developments,
and future perspectives in this rapidly evolving field.

GASTRIC PHYSIOLOGY AND DRUG RETENTION

Anatomy and Function of the Stomach

The stomach is a muscular, hollow organ serving multiple
physiological functions including temporary food storage,
mechanical and chemical digestion, and controlled
delivery of chyme to the duodenum’. Anatomically, the
stomach comprises three main regions: the fundus (upper
dome-shaped portion), the body (central region), and the
antrum or pylorus (lower portion terminating at the pyloric
sphincter)”. The fundus and body primarily accommodate
ingested material, while the antrum facilitates mixing and
propulsion through coordinated muscular contractions'.

The gastric environment presents unique characteristics
relevant to drug delivery: acidic pH (1.0-3.0), enzymatic
activity (pepsin), mucus layer protection, and limited
absorptive surface area compared to the small intestine”.
The stomach's capacity ranges from approximately 50 mL
in the fasted state to 1.5 liters postprandially”.

Gastrointestinal
Patterns

Gastric motility exhibits distinct patterns during fasted and
fed states”. During the interdigestive or fasted period, the
migrating motor  complex MMC) regulates
gastrointestinal clearance through cyclic phases occurring

Motility and Gastric Emptying

every 90-120 minutes”. The MMC comprises four
sequential phases: Phase I (basal/quiescent period, 40-60
minutes) characterized by minimal contractile activity;
Phase II (pre-burst period, 40-60 minutes) featuring
intermittent contractions of increasing frequency and
intensity; Phase III (burst phase, 4-6 minutes) consisting of
intense, regular contractions that sweep undigested
residues from the stomach—often termed the
"housekeeper wave"; and Phase IV (transitional period, 0-
5 minutes) bridging Phase I1I and the subsequent Phase 1”.

Administration of food disrupts the MMC cycle, initiating
the fed state characterized by continuous contractions
resembling Phase II of fasting motility”. This fed pattern
persists for 4-10 hours depending on meal composition,
caloric content, and volume, significantly delaying gastric
emptying and extending potential retention time for
dosage forms”.

Factors Influencing Gastric Retention Time

Gastric retention of dosage forms is influenced by multiple
physiological, formulation-related, and patient-specific
factors”. Physiological factors include fed versus fasted
state (fed state extends GRT 4-10 hours), meal
composition (high-fat and high-protein meals delay
emptying), caloric content (higher calories prolong
retention), feeding frequency (repeated meals delay MMC
onset), gender (females exhibit slower emptying), age
(elderly subjects show prolonged GRT), posture (supine
position increases retention), and disease states (diabetes,
hypothyroidism, and gastric ulcers increase GRT while
hyperthyroidism and duodenal ulcers decrease it)”.

Formulation-related factors encompass dosage form
density (< 1.0 g/cm*' for floating, > 1.4 g/cm?' for
sinking), size and shape (larger units show prolonged
retention), single versus multiple-unit systems (multiple
units provide more predictable behavior), and polymer

composition affecting swelling and bioadhesion”.
Concurrent drug therapy also modulates GRT;
anticholinergics  (atropine,  propantheline)  prolong
retention while prokinetic agents (metoclopramide,
cisapride) accelerate gastric emptying”.
CLASSIFICATION OF GASTRORETENTIVE
SYSTEMS

Gastroretentive drug delivery systems can be broadly
classified based on their retention mechanisms into
floating and non-floating approaches”. Each category
encompasses multiple technological variations designed to
exploit specific physiological or physicochemical
principles for prolonged gastric residence (Table 1).

Table 1: Classification and Characteristics of Gastroretentive Drug Delivery Systems

System Type Retention Mechanism | Key Advantages Limitations

Floating Gas generation reduces | Rapid  buoyancy, | Requires  gastric

(Effervescent) density simple formulation | fluid, pH-

dependent

Floating (Non- | Hydrophilic ~ polymer | pH-independent, Slower  buoyancy

effervescent) swelling sustained release initiation

Mucoadhesive Adhesion to gastric | Localized delivery, | Mucus layer
mucosa intimate contact turnover limits
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retention
High-density Density >  gastric | Resists peristalsis Unpredictable
contents emptying, limited
efficacy
Expandable/Swelli | Size exceeds pyloric | Mechanical Safety  concerns,
ng diameter retention must eventually
collapse

Overview of Retention Mechanisms

The primary retention strategies include: (1) Floating
systems that achieve buoyancy in gastric fluid through
density ~ reduction  below 1.0 g/em?!; 2)
Bioadhesive/mucoadhesive systems that adhere to the
gastric mucosa through molecular interactions; (3) High-
density systems exceeding 1.4 g/cm?' that resist peristaltic
waves; (4) Expandable/swelling systems that enlarge
beyond pyloric sphincter diameter; and (5) Magnetic
systems utilizing external magnetic fields”. Additionally,
hybrid approaches combining multiple mechanisms have
been explored to enhance retention reliability and
duration”.

FLOATING DRUG DELIVERY SYSTEMS

Floating drug delivery systems (FDDS) represent the most
extensively investigated gastroretentive approach, utilizing
buoyancy to maintain dosage forms at the gastric fluid
surface, thereby prolonging residence time”. These
systems remain buoyant by achieving bulk density lower
than gastric contents (approximately 1.004-1.010 g/cm?),
preventing premature transit through the pyloric sphincter
during the digestive motility pattern”.

Effervescent Floating Systems

Effervescent systems generate buoyancy through gas
liberation, typically carbon dioxide, upon contact with
acidic gastric fluid”. Gas-generating agents such as sodium
bicarbonate, sodium carbonate, or citric acid are
incorporated into the formulation matrix”. Upon
immersion in gastric medium, acid-carbonate reaction
produces CO: bubbles that become entrapped within the
hydrated polymeric gel network, reducing overall density
and inducing flotation™.

Effervescent approaches include: (a) Gas-generating
tablets and capsules employing carbonates with organic
acids or relying on endogenous gastric acid; (b) Volatile
liquid-containing systems where encapsulated low-
boiling-point liquids (ether, cyclopentane) vaporize at
body temperature, inflating chambers to achieve
buoyancy; (c) Intragastric floating systems with drug
reservoirs enclosed in microporous compartments
supported by gas-filled chambers; and (d) Osmotically
controlled floating systems combining osmotic pressure-
driven release with buoyancy”.

Non-Effervescent Floating Systems

Non-effervescent systems achieve flotation without gas
generation, relying instead on inherent low-density
materials or structures”. These systems typically
incorporate high concentrations (20-75% w/w) of gel-
forming hydrophilic polymers such as hydroxypropyl
methylcellulose (HPMC), hydroxypropyl cellulose (HPC),

sodium carboxymethylcellulose (NaCMC), polyethylene
oxide (PEO), carbomers, and polysaccharides like guar
gum, xanthan gum, and alginates”.

Upon gastric fluid contact, the polymer hydrates and
swells, forming a gel barrier at the dosage form surface”.
This gel layer controls fluid penetration rate and
subsequent drug diffusion, simultaneously entrapping air
within the swollen matrix to maintain buoyancy”. The
hydrodynamically balanced system (HBS) represents a
classic non-effervescent design where the gel-forming
polymer matrix balances hydration, swelling, and drug
release to sustain floating”.

Hollow microspheres (microballoons) constitute another
non-effervescent approach, prepared by emulsion solvent
diffusion/evaporation techniques using polymers such as
cellulose acetate, Eudragit®, polycarbonate, and calcium
alginate”. These hollow structures provide inherent
buoyancy while offering the advantages of multiple-unit
systems including reduced inter- and intra-subject
variability”.

Raft-forming systems represent a specialized floating
approach where alginic acid and carbonates react with
gastric acid to form a viscous, buoyant gel (raft) floating
on stomach contents”. This mechanism is particularly
useful for gastroesophageal reflux treatment and localized
delivery to gastric mucosa”.

NON-FLOATING GASTRORETENTIVE SYSTEMS

Bioadhesive and Mucoadhesive Systems

Bioadhesive or mucoadhesive gastroretentive systems
achieve prolonged GRT through adhesive interactions
between polymeric formulation components and the
gastric mucus layer or epithelial cell surface”.
Mucoadhesion involves a multi-stage process: contact and
wetting of the mucoadhesive polymer with the mucosal
surface, penetration of polymer chains into the mucus
network, and formation of adhesive bonds through
physical entanglements and chemical interactions
(hydrogen bonding, electrostatic attraction, hydrophobic
interactions)”.

Effective mucoadhesive polymers exhibit specific
characteristics: abundant hydrophilic functional groups
(carboxyl, hydroxyl, amide, sulfate), optimal molecular
weight and chain flexibility for interpenetration, sufficient
swelling capacity, and appropriate surface properties”.
Commonly employed mucoadhesive polymers include
anionic types (carbomers, polyacrylic acid derivatives,
alginic acid, carboxymethylcellulose), cationic polymers
(chitosan, trimethylated chitosan), and non-ionic polymers
(hydroxypropyl methylcellulose, hydroxyethyl cellulose,
polyvinyl alcohol)”.
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Despite promising in vitro mucoadhesive strength, clinical
translation faces challenges including mucus turnover
(gastric mucus layer renews every 4-6 hours), variable
mucus thickness and composition, and reduced adhesion
in the presence of food and digestive secretions”.

High-Density Systems

High-density or sinking systems employ formulation
density greater than gastric contents (typically > 1.4
g/em?', ideally 2.4-2.8 g/cm?') to resist peristaltic
contractions and remain in the lower stomach region”.
Dense materials such as barium sulfate, zinc oxide,
titanium dioxide, and iron powder are incorporated to
increase overall system density”. However, clinical
efficacy of high-density approaches remains limited due to
unpredictable gastric emptying patterns and the stomach's
capacity to empty dense particles during Phase III of
MMC”.

Expandable and Swelling Systems

Expandable systems are designed to swell upon gastric
fluid uptake to a size exceeding the pyloric sphincter
diameter (approximately 12-15 mm in relaxed state),
thereby mechanically preventing gastric exit”. These
systems typically employ superporous hydrogels or
rapidly swelling polymeric matrices capable of achieving
large equilibrium volumes within minutes”.

Superporous hydrogels represent an advanced swelling
approach, characterized by pore sizes exceeding 100 um
that facilitate rapid fluid uptake through capillary wetting
rather than slow diffusion”. These materials can swell to
hundreds of times their original size within minutes and
exhibit sufficient mechanical strength to withstand gastric
contractile forces”. However, expandable systems must
eventually disintegrate or collapse to allow evacuation,
requiring careful balance between retention duration and
safe passage”.

Magnetic Systems

Magnetic  gastroretention  utilizes small magnetic
components within the dosage form that interact with an
external magnetic field positioned on the abdominal
surface above the stomach”. While conceptually
interesting and demonstrated in animal models, practical
limitations  including patient mobility restrictions,
magnetic field strength requirements, and regulatory
considerations have prevented clinical translation™.

POLYMERIC MATERIALS FOR GRDDS

Polymer selection constitutes a critical determinant of
gastroretentive system performance, influencing buoyancy,
swelling behavior, gel formation, drug release kinetics,
and system integrity”. Hydrophilic polymers dominate

GRDDS formulations due to their swelling properties,
biocompatibility, regulatory acceptance, and ability to
control drug release” (Table 2).

Hydroxypropyl Methylcellulose (HPMC)

HPMC represents the most widely utilized polymer in
gastroretentive formulations, available in various viscosity
grades (E3, ES, E15, E50, K4M, K15M, K100M) that
provide tunable swelling and release characteristics”.
Upon hydration, HPMC forms a robust gel layer that
controls water ingress and drug diffusion, simultaneously
entrapping gas bubbles in effervescent systems”. Higher
viscosity grades provide stronger gel formation and slower
drug release but may require longer buoyancy lag times”.
HPMC K4M and K100M are particularly popular for
floating matrices due to their rapid hydration and excellent
gel strength”.

Polyethylene Oxide (PEO)

High molecular weight PEO (molecular weights from
100,000 to 7,000,000) exhibits rapid swelling and
exceptional ~ gel-forming  capacity”. PEO  matrices
demonstrate controlled erosion kinetics and can sustain
drug release for extended periods”. The polymer's non-
ionic nature makes release pH-independent, and its rapid
hydration contributes to quick buoyancy establishment in
floating systems”.

Carbomers and Polyacrylic Acid Derivatives

Carbomers (Carbopol®, polycarbophil) are synthetic high
molecular weight polyacrylic acid polymers with
exceptional mucoadhesive properties and pH-dependent
swelling”. At gastric pH, carbomers exhibit moderate
swelling, but their mucoadhesive strength enhances gastric
retention”. These polymers are frequently combined with
other hydrocolloids to optimize floating and release
profiles”.

Natural Polysaccharides

Natural polymers including xanthan gum, guar gum, locust
bean gum, alginate, chitosan, and pectin offer
biocompatibility, biodegradability, and cost-effectiveness”.
Xanthan gum forms viscous solutions at low
concentrations and exhibits pseudoplastic rheology”.
Sodium alginate undergoes acid-induced gelation in
gastric medium, useful for raft-forming systems’.
Chitosan, a cationic polysaccharide derived from chitin,
demonstrates pH-dependent solubility and mucoadhesive
properties .

Combinations of multiple polymers often provide
synergistic effects, optimizing the balance between
buoyancy, swelling, gel strength, and drug release”.

Table 2: Polymers Employed in Gastroretentive Formulations

Polymer Type

Primary Function Typical
Concentration

HPMC K4M, K100M Cellulose

Gel formation, matrix | 20-60% w/w

derivative control, buoyancy

Polyethylene oxide Synthetic Rapid swelling, sustained | 10-40% w/w
polymer release

Carbopol/Polycarbophil | Polyacrylic Mucoadhesion, pH- | 5-25% w/w
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acid dependent swelling

Xanthan gum Natural Viscosity enhancement, | 5-30% w/w
polysaccharide | gel formation

Sodium alginate Natural Raft formation, acid- | 10-40% w/w
polysaccharide | gelation

Chitosan Natural Mucoadhesion, pH- | 5-20% w/w
polymer sensitive

Guar gum Natural Matrix formation, | 10-30% w/w
polysaccharide | viscosity

FORMULATION STRATEGIES AND EXCIPIENTS Preformulation  assessment includes

Gas-Generating Agents

Effervescent floating systems require carbonates or
organic acids to generate carbon dioxide upon contact with
gastric acid”. Sodium bicarbonate (NaHCO:s) is the most
commonly employed effervescent agent, typically
incorporated at 5-20% w/w concentration”. The
bicarbonate-acid reaction (NaHCOs + HCl — NaCl + H.O
+ CO2) occurs rapidly, necessitating efficient gas
entrapment within the hydrating polymer matrix”.
Alternative carbonates include calcium carbonate and
sodium carbonate, while citric acid and tartaric acid serve
as acidic components in dual-component effervescent
systems’.

Matrix Modifiers and Release Retardants

Beyond primary gel-forming polymers, various excipients
modulate matrix properties and drug release kinetics”.
Lipophilic ~materials such as glyceryl behenate
(Compritol® 888 ATO), stearic acid, and hydrogenated
castor oil reduce water penetration and slow drug
dissolution, particularly for highly water-soluble drugs”.
Microcrystalline cellulose provides compressibility and
structural integrity while moderately controlling water
uptake”.

Binders and Processing Aids

Povidone (polyvinylpyrrolidone, PVP) functions as a
binder in direct compression or wet granulation processes,
enhancing inter-particulate bonding and tablet mechanical
strength”. Poloxamer surfactants improve drug wettability
and dissolution while potentially contributing to matrix
formation”. Magnesium stearate and talc serve as
lubricants to facilitate tablet ejection and prevent sticking
during compression”.

Formulation Development Considerations

Optimal GRDDS formulation requires balancing
competing objectives: achieving rapid and reliable
buoyancy (short lag time), maintaining prolonged floating
duration (> 12 hours), ensuring acceptable mechanical
strength (hardness, friability), controlling drug release rate
(typically zero-order or Higuchi kinetics), and maintaining
stability under storage conditions”. Direct compression
represents the preferred manufacturing approach due to
simplicity, cost-effectiveness, and avoidance of heat or
solvents that may degrade thermolabile or moisture-
sensitive drugs”.

EVALUATION METHODOLOGIES

Physicochemical Characterization

drug-excipient

compatibility studies (differential scanning calorimetry,
Fourier-transform infrared spectroscopy), powder flow
properties (angle of repose, Carr's index, Hausner's ratio),
and particle size distribution”. Finished dosage forms
undergo evaluation for weight variation, hardness,
friability, thickness, and drug content uniformity according
to pharmacopeial standards”.

Buoyancy Assessment

Buoyancy lag time (BLT) and total floating time (TFT)
constitute critical performance parameters for floating
systems”. BLT represents the interval between dosage
form immersion in simulated gastric fluid (SGF, pH 1.2,
37°C) and emergence to the surface, ideally < 1 minute”.
TFT quantifies the duration the system maintains
buoyancy, typically required to exceed 12 hours for once-
daily formulations”. Quantitative buoyancy assessment
involves measuring resulting weight, calculated as the
difference between gravity and buoyancy forces: F = (Df -
Ds)gV, where F is resultant force, Df is fluid density, Ds is
dosage form density, g is gravitational acceleration, and V
is dosage form volume”.

Swelling Studies

For expandable and swelling systems, swelling index
quantifies volumetric or dimensional changes over time”.
Tablets are periodically removed from SGF, surface liquid
blotted, and weight or dimensions measured”. Swelling
index is calculated as: SI = [(Wt - W0)/WO0] x 100, where
Wt is weight at time t and WO is initial weight".
Continuous monitoring systems employ specialized
apparatus to track water uptake without disturbing the
swelling matrix”.

In Vitro Dissolution Testing

Dissolution studies employ USP Apparatus I (basket) or II
(paddle) in simulated gastric fluid (0.1 N HCI, 900 mL, 37
+ 0.5°C) with rotation speeds of 50-100 rpm”. For floating
systems, modified apparatus configurations prevent
dosage form adhesion to vessel surfaces or paddles while
maintaining  appropriate  hydrodynamic  conditions”.
Modifications include wire helices loosely wrapping the
dosage form, mesh assemblies restraining vertical
movement while permitting swelling, or recessed mesh
platforms”. Release data are subjected to kinetic modeling
(zero-order, first-order, Higuchi, Korsmeyer-Peppas,
Hixson-Crowell) to elucidate release mechanisms”.
Controlled release systems ideally exhibit zero-order
kinetics (constant release rate) or Higuchi kinetics
(diffusion-controlled release)”. The Korsmeyer-Peppas
model elucidates transport mechanisms through the release
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exponent n: n < 0.45 indicates Fickian diffusion, 0.45 <n
< 0.89 suggests anomalous (non-Fickian) transport, and n
> (.89 indicates Case-II or super Case-II transport”.

In Vivo Evaluation

Gamma scintigraphy represents the gold standard for non-
invasive assessment of gastric retention in humans”.
Dosage forms radiolabeled with technetium-99m (Tc) or
indium-111 (**In) are administered to subjects, and
sequential gamma camera images quantify gastric
retention over time!%'% Alternative techniques include
X-ray radiography with radiopaque markers (barium
sulfate), magnetic marker monitoring using biomagnetic
measurement systems, gastroscopy with fiber-optic or
video endoscopy, and '*C-octanoic acid breath testing for
gastric emptying assessment”. Pharmacokinetic studies
comparing GRDDS with conventional formulations
evaluate bioavailability enhancement, plasma
concentration-time profiles, peak plasma concentration
(Cmax), time to peak (Tmax), area under the curve
(AUC), and elimination half-life (ti/2)"”.

THERAPEUTIC APPLICATIONS

Ideal Drug Candidates for Gastroretentive Delivery

Gastroretentive systems provide maximum therapeutic
benefit for drugs exhibiting specific pharmacokinetic or
physicochemical  characteristics”.  Ideal  candidates
include: (1) Drugs with narrow absorption windows

localized to the stomach or upper small intestine
(duodenum, jejunum), such as riboflavin, levodopa, para-
aminobenzoic acid, and furosemide;'* (2) Drugs primarily
absorbed in acidic environments or unstable in alkaline
intestinal pH, including captopril, ranitidine, and
metronidazole;'" (3) Drugs demonstrating low solubility
at higher pH values, such as diazepam, chlordiazepoxide,
and verapamil;'"' (4) Drugs acting locally in the gastric
environment, including antacids, sucralfate, misoprostol,
and anti-Helicobacter pylori agents;''? (5) Drugs with short
biological half-lives requiring frequent dosing for
maintained therapeutic effect;!'* and (6) Drugs susceptible
to colonic bacterial degradation or first-pass metabolism
that benefit from extended gastric release™.

Drugs Unsuitable for Gastroretentive Systems

Certain drug classes exhibit poor compatibility with
gastroretentive approaches: (1) Drugs with very low acid
solubility may demonstrate inadequate dissolution in
gastric fluid (e.g. phenytoin);''> (2) Drugs unstable or
degraded in gastric acid (e.g. erythromycin, certain
penicillins) may lose potency during extended gastric
exposure;''® (3) Drugs intended for colonic delivery, such
as S-aminosalicylic acid for inflammatory bowel disease,
contraindicate gastric retention;''” and (4) Drugs causing
significant gastric irritation or mucosal damage should
avoid prolonged gastric contact” (Table 3).

Table 3: Drug Candidates for Gastroretentive Delivery

Drug Category Example Drugs Rationale for GRDDS
Cardiovascular agents | Metoprolol,  Propranolol, | Narrow absorption window,
Verapamil, Nifedipine short half-life, pH-

dependent solubility

Antibiotics Amoxicillin, H. pylori eradication, local
Clarithromycin, gastric action
Tetracycline

Antidiabetics Metformin, Glipizide, | Enhanced  bioavailability,
Gliclazide sustained glycemic control

Antiulcer agents Ranitidine, Famotidine, | Local gastric action, acid-
Nizatidine labile nature

CNS drugs Levodopa, Gabapentin, | Narrow absorption window
Baclofen in upper GIT

Antiviral agents

Didanosine, Zalcitabine

Acid-labile, limited

absorption window

Case Study: Metoprolol Succinate and Cardiovascular
Applications

Metoprolol succinate, a selective PBi-adrenergic receptor
antagonist widely prescribed for hypertension, angina
pectoris, and heart failure, exemplifies an ideal GRDDS
candidate”. The drug exhibits a short biological half-life
(3-4 hours), necessitating multiple daily doses for
conventional formulations™. Metoprolol demonstrates pH-
independent high solubility (BCS Class I) but preferential
absorption from the upper gastrointestinal tract with an
absorption window primarily in the duodenum and
jejunum™. Oral bioavailability is limited (approximately
50%) due to significant first-pass hepatic metabolism™.
Gastroretentive floating tablets of metoprolol succinate
formulated with HPMC K4M, HPMC KI100M, or
polyethylene oxide matrices combined with sodium

bicarbonate as gas-generating agent have demonstrated:
(1) Rapid buoyancy achievement (lag time < 2 minutes);
(2) Prolonged floating duration exceeding 12-24 hours; (3)
Controlled zero-order or Higuchi diffusion-controlled

release over 12-24 hours; (4) Enhanced relative
bioavailability compared to immediate-release
formulations; (5) Reduced peak-trough plasma

concentration fluctuations; and (6) Potential for once-daily
dosing improving patient compliance”. Kinetic analysis
typically reveals Higuchi model best-fit, indicating
diffusion-controlled release from the swollen polymeric
matrix”. The Korsmeyer-Peppas release exponent (n =
0.45-0.89) suggests anomalous non-Fickian transport
involving coupled diffusion and polymer relaxation
mechanisms ™.

Other Clinical Applications
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Beyond cardiovascular drugs, gastroretentive systems
have been successfully developed for diverse therapeutic

categories: antihypertensives (nifedipine, propranolol,
atenolol), antibiotics (amoxicillin, clarithromycin for H.
pylori eradication), antiretrovirals (didanosine,
zalcitabine),  antidiabetics = (metformin,  glipizide),

analgesics (tramadol, acetaminophen), antiulcer agents
(famotidine, nizatidine), and central nervous system drugs
(levodopa/carbidopa, gabapentin)™.

PATENTS AND COMMERCIAL DEVELOPMENTS

The commercial potential of gastroretentive technologies
has driven substantial intellectual property development”.
Notable patents include: (1) US 6,488,962 B1 (2002)
describing tablet formulations enhancing gastric retention
of swellable controlled-release dosage forms; (2) US
6,710,126 B1 (2001) covering superporous hydrogel
composites with rapid swelling and high mechanical
strength; (3) WO 2002/102415 A1 (2002) detailing gastric
floating systems; (4) US 2008/0220060 Al (2008)
presenting gastroretentive compositions and preparation
methods; (5) WO 2011/048494 A2 (2010) addressing
gastroretentive dosage forms for poorly soluble drugs; (6)
WO 2011/151708 A1l (2011) describing GABA analog
gastroretentive formulations; and (7) US 8,808,669 B2
(2014)  covering  extended-release  gastroretentive
therapeutic ~ compositions”.  Several  gastroretentive
products have achieved regulatory approval and market
availability, including Madopar® HBS
(levodopa/benserazide), Valrelease® (diazepam), Liquid
Gaviscon® (raft-forming antacid), and Coreg CR®
(carvedilol)”. These commercial successes validate the
clinical utility and manufacturing feasibility of

130

gastroretentive platforms .
CHALLENGES AND FUTURE PERSPECTIVES

Current Limitations

Despite significant advances, gastroretentive systems face
several challenges limiting broader implementation™. High
inter- and intra-subject variability in gastric emptying
patterns, particularly under fasted conditions, can
compromise retention predictability”. Floating systems
require adequate gastric fluid volume (typically > 200 mL)
for effective buoyancy, potentially limiting performance in
certain patient populations or dosing conditions™. Food-
dependent performance introduces complexity in dosing
instructions and patient compliance™. Manufacturing
scalability, particularly for complex multi-layer or multi-
particulate systems, presents technical and economic
challenges™. Regulatory pathways for demonstrating
bioequivalence of gastroretentive generics to reference
products remain evolving™.

Emerging Technologies and Future Directions

Future developments in gastroretentive drug delivery will
likely integrate advanced materials, personalized medicine
approaches, and multi-functional designs”. Three-
dimensional printing technologies enable fabrication of
complex geometries, multi-compartment systems, and
personalized dosing tailored to individual patient
requirements”.  Smart  polymers  responding  to

physiological stimuli (pH, enzymes, temperature) may
provide more predictable retention and release”.
Combination systems incorporating multiple retention
mechanisms (floating plus mucoadhesion, expandable plus
floating) could enhance reliability across diverse patient
populations and conditions™. Integration of real-time
monitoring capabilities through ingestible sensors or
imaging agents would enable dosage form tracking and
adaptive dosing strategies”.

Nanomedicine integration, such as incorporating drug-
loaded nanoparticles within gastroretentive matrices, may
address solubility limitations and enable combination
therapy delivery'”. Personalised gastroretentive systems
accounting for individual variations in gastric anatomy,
motility patterns, and disease states represent an
aspirational goal for precision medicine™.

Environmental  sustainability = considerations  will
increasingly influence formulation design, favouring
biodegradable natural polymers and green manufacturing
processes . Pediatric and geriatric formulations addressing
age-specific physiological characteristics and compliance
challenges require focused development'™.

CONCLUSION

Gastroretentive drug delivery systems represent a
significant paradigm advancement in oral pharmaceutical
technology, addressing fundamental limitations of
conventional dosage forms through innovative retention
mechanisms and controlled release strategies. This
comprehensive review has examined the physiological
foundations, technological diversity, polymeric
approaches, formulation strategies, evaluation
methodologies, and clinical applications of gastroretentive
platforms.

The principal retention mechanisms—floating
(effervescent and non-effervescent), bioadhesive, high-
density, expandable, and magnetic—exploit distinct
physiological or physicochemical principles to prolong
gastric residence time. Among these approaches, floating
drug delivery systems, particularly non-effervescent
hydrophilic polymer matrices and effervescent systems
employing gas-generating agents, have demonstrated the
most robust clinical translation due to their simplicity,
reliability, and manufacturability. Polymeric materials,
especially hydroxypropyl methylcellulose, polyethylene
oxide, carbomers, and natural polysaccharides, serve as
the cornerstone of matrix-based  gastroretentive
formulations, enabling precise control over swelling,
buoyancy, and drug release kinetics.

Gastroretentive systems offer substantial therapeutic
advantages for drugs with narrow absorption windows,
acid stability, short half-lives, or local gastric action. The
metoprolol succinate case study exemplifies successful
application for a cardiovascular agent, demonstrating
enhanced bioavailability, reduced dosing frequency, and
improved pharmacokinetic profiles. Beyond
cardiovascular therapeutics, gastroretentive technologies
have found applications across diverse categories
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including antibiotics, antiretrovirals, antidiabetics, and
central nervous system agents.

Comprehensive evaluation methodologies encompassing
physicochemical characterization, buoyancy studies,
swelling assessment, in vitro dissolution testing with
appropriate apparatus modifications, and in vivo imaging
techniques provide robust frameworks for formulation
optimization and quality assurance. Kinetic modeling
elucidates release mechanisms, predominantly diffusion-
controlled or anomalous transport, guiding rational
formulation design.

Despite significant progress and several commercially
successful products, challenges persist including inter-
subject variability in gastric emptying, food-effect
dependencies, requirements for adequate gastric fluid
volumes, and manufacturing complexities for advanced
multi-particulate systems. Future directions incorporating
three-dimensional printing, smart responsive polymers,
combination  retention mechanisms, nanomedicine
integration, and personalized medicine approaches
promise to address current limitations and expand
therapeutic applications.

The growing patent landscape and commercial interest
underscore the industrial and clinical relevance of
gastroretentive technologies. As our understanding of
gastrointestinal physiology deepens and material science
advances, gastroretentive drug delivery systems are poised
to play an increasingly important role in precision
medicine, offering patient-specific therapeutic
optimization and enhanced clinical outcomes. Continued
interdisciplinary research integrating pharmaceutical
sciences, materials engineering, physiology, and clinical
medicine will drive next-generation innovations in oral
controlled drug delivery.
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