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Cardiovascular drugs face significant therapeutic limitations due to narrow absorption
windows, short half-lives, and extensive first-pass metabolism, resulting in poor
bioavailability and frequent dosing requirements. Gastroprotective drug delivery
systems (GRDDS) offer a compelling solution by prolonging gastric residence time to
optimize drug absorption in the upper gastrointestinal tract. This review gives overview
of distinct gastroprotective mechanisms floating, mucoadhesive, swelling, high-density,
raft-forming, magnetic, super porous hydrogel, and dual-mechanism systems and their
successful application to cardiovascular therapeutics. Key cardiovascular drugs
including propranolol, atenolol, diltiazem, losartan, metoprolol, captopril, verapamil,
and clopidogrel have demonstrated enhanced bioavailability, sustained release profiles,
and improved patient compliance when formulated as GRDDS. The review highlights
formulation strategies and also describes key evaluation parameters for GRDDS
including buoyancy lag time, total floating duration, swelling index, density
measurements, mechanical strength, in vitro drug release studies, and in vivo gastric
retention studies. While physiological variations in gastric emptying remain
challenging, emerging dual-mechanism systems and smart polymer technologies
promise more reliable gastric retention. GRDDS represents a transformative approach
for cardiovascular drug delivery, addressing fundamental pharmacokinetic limitations
while advancing toward personalized therapeutic solutions.

INTRODUCTION

especially for drugs that has narrow therapeutic
index. Such compounds are only effectively

Oral drug delivery remains the most favored route  ahsorbed  within a  specific region of the

of administration due to its ease, safety, and patient gastrointestinal (GI) tract. Once they pass beyond
compliance. Yet, it is not without limitations  tnjs site, their absorption drops sharply, leading to
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poor bioavailability. Additionally, first-pass
metabolism in the liver can significantly reduce
the active drug reaching systemic circulation.
Other hurdles such as rapid gastric emptying, short
residence time in the stomach, and the need for
frequent dosing in drugs with short half-lives
further complicate effective oral therapy. These
challenges highlight the urgent need for advanced
delivery systems that can enhance drug retention,
absorption, and therapeutic efficacy. & 2
Conventional oral drug delivery systems often fall
short when it comes to overcoming the complex
environment of the gastrointestinal tract. They are
particularly ineffective for drugs that are best
absorbed in the upper Gl region, as these systems
lack the ability to resist rapid gastric emptying. As
aresult, the drug may pass into the lower intestines
or colon before its release is complete, leading to
suboptimal absorption. This premature transit
limits the drug’s contact time with its ideal
absorption site, resulting in incomplete release and
reduced therapeutic efficacy. The inability of
conventional systems to maintain gastric retention
remains a critical barrier to maximizing oral drug
performance. 1 To address these challenges,
gastroretentive drug delivery systems (GRDDS)
have been developed to prolong a drug’s residence
time in the stomach. By remaining in the upper Gl
tract, these systems enhance the absorption and
therapeutic performance of drugs that would
otherwise be poorly absorbed. GRDDS are
especially valuable in several scenarios: targeting
Helicobacter pylori infections with antibiotics like
amoxicillin [ improving the bioavailability of
drugs primarily absorbed in the stomach or upper
intestine Bl; enhancing the solubility of weakly
basic drugs, which dissolve better in acidic
environments; and protecting drugs that degrade in
the colon. By enabling controlled and site-specific
release, GRDDS offer a promising solution to
many limitations of  conventional  oral
formulations. ¥ Gastroretentive systems represent
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an advanced strategy in oral drug delivery,
designed to prolong gastric residence and enable
site-specific release for both systemic and local
effects. By remaining in the upper gastrointestinal
tract, these systems offer controlled and sustained
drug release, improving contact time with the
absorptive surface and thereby enhancing
bioavailability. [l Additional benefits of this
system include improved therapeutic efficacy,
reduced drug loss, enhanced solubility for drugs
unstable in higher pH environments, and targeted
delivery for conditions affecting the stomach or
duodenum. [ This approach is especially
beneficial in the context of cardiovascular therapy,
where  maintaining  steady-state  plasma
concentrations and improving bioavailability are
critical for therapeutic  success. Several
cardiovascular drugs need to be formed as
gastroretentive  formulation due to their
pharmacokinetic and physicochemical limitations.
Drugs like propranolol, diltiazem, and isosorbide
mononitrate exhibit a narrow absorption window,
primarily in the stomach and upper small intestine,
beyond which their bioavailability significantly
drops 1. Others, such as captopril, have a short
biological half-life, requiring frequent dosing that
can be mitigated through sustained release from a
GRDDS [ In addition, some cardiovascular
agents are unstable in the alkaline pH of the
intestine or have pH-dependent solubility
conditions that can lead to incomplete absorption
when conventional oral forms are used.
Formulating these drugs into GRDDS allows
prolonged gastric retention, leading to more
consistent plasma levels, reduced dosing
frequency, and improved therapeutic outcomes.
This is particularly important for chronic
cardiovascular conditions, where maintaining
steady drug concentrations is critical to prevent
fluctuations in blood pressure or heart rate. [*3l
Gastroretentive drug delivery technologies are
generally classified based on the key mechanism
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that enables prolonged gastric retention. These
include high-density systems that sink in gastric
fluid, expandable or unfolding systems that
increase in size to prevent passage through the
pylorus, and magnetic systems guided by external
magnets. Low-density systems, on the other hand,
remain buoyant either due to intrinsic porosity, gas
generation, or the use of low-density excipients.
Mucoadhesive systems work by adhering to the
gastric mucosa, thereby resisting gastric emptying.
Overall, the main strategies to extend gastric
residence time involve adhesion to the stomach
lining, swelling to a size that delays transit, or
controlling the density of the formulation to float
or sink in the stomach environment. 24 This
review provides an overview of various
gastroretentive technologies and presents specific
case studies of cardiovascular drugs successfully
formulated into gastroretentive systems. Critical
evaluation parameters for GRDDS assessment are
discussed, encompassing both in vitro and in vivo
methodologies, while current challenges and
limitations are addressed alongside future
perspectives that promise more reliable and
personalized cardiovascular therapeutics.

Drug Candidates For Gastroprotective Drug
Delivery System

Many physiological conditions lead to the need for
development gastroretentive systems such as a
narrow upper gastrointestinal absorption window,
a short drug half-life, drug instability in the
gastrointestinal tract environment, local activity in
the upper part of the gastrointestinal tract, or poor
solubility at alkaline pH.

Gastroretentive  systems can increase the
therapeutic effectiveness of a drug through the
removal and/or the reduction of more than one
physiological constraint. For example, studies in
dogs have shown long-term absorption and
sustained blood levels of levodopa when it was
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delivery in a sustained profile from a
gastroretentive system, in opposition to non-
gastroretentive controlled release system and to an
oral solution providing immediate release. [*°* The
results demonstrated that the gastroretentive
system was able to circumvent limitations such as
the short half-life and narrow absorption window
that limit both drug release and complete drug
absorption. Many cardiovascular drugs are well-
suited for GRDDS due to their pharmacokinetic
and physicochemical properties. These drugs often
exhibit a narrow absorption window in the upper
gastrointestinal tract, have short biological half-
lives, or are unstable in the alkaline environment
of the intestine. For instance, propranolol is highly
lipophilic and undergoes significant first-pass
metabolism, resulting in only about 25% reaching
systemic circulation; its short half-life necessitates
multiple daily doses, making it a candidate for
GRDDS to enhance bioavailability and reduce
dosing frequenc. ¢ Similarly, captopril has a
short half-life of 1-2 hours and is primarily
absorbed in the duodenum; it becomes unstable at
higher pH levels, limiting its absorption in the
lower gastrointestinal tract. 11 By formulating
these drugs into GRDDS, it is possible to prolong
their gastric residence time, ensuring a more
consistent absorption in the upper gastrointestinal
tract, enhancing bioavailability, reducing dosing
frequency, and improving patient compliance.

Types of GRDDS

Gastroretentive drug delivery systems come in
various forms, each designed with unique
mechanisms to keep medications in the stomach
longer. Understanding these different approaches
helps researchers choose the most suitable system
for specific drugs and therapeutic needs.

1.1 Floating Systems
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Floating drug delivery systems are formulated to
have a lower density than gastric fluids, enabling
them to remain buoyant in the stomach. They can
be classified into effervescent systems—using
gas-generating agents like sodium bicarbonate—
and non-effervescent systems that rely on
swellable polymers such as hydroxypropyl
methylcellulose (HPMC). These systems help
prolong gastric residence and improve drug
bioavailability. & 18]

1.2 Mucoadhesive Systems

Mucoadhesive systems utilize polymers capable of
adhering to the gastric mucosa, thereby increasing
the retention time of the dosage form. Polymers
like carbopol, chitosan, and polycarbophil
facilitate adhesion via electrostatic or hydrogen
bonding interactions. [°]

1.3 Swelling and Expandable Systems

These systems expand or swell upon exposure to
gastric fluids, achieving a size large enough to
resist gastric emptying. Commonly used swellable
polymers include HPMC and polyethylene oxide.
They are effective in sustaining drug release over
extended periods. 2% 2

1.4 High-Density Systems

These systems are formulated with high-density
excipients to achieve a dosage form density
exceeding 2.5 g/cm3, causing them to settle at the
gastric antrum. The elevated density provides
resistance against peristaltic contractions, thereby

prolonging gastric residence time through

gravitational retention in the lower gastric region.
[22]

1.5 Raft-Forming Systems

These systems form a cohesive, floating raft on the
gastric fluid's surface upon contact with it.
Typically used for gastroesophageal reflux
treatment, they contain gel-forming agents like
sodium alginate and effervescent compounds. 2!

1.6 Magnetic Systems

Magnetic GRDDS incorporates internal magnets
in the formulation and require an external magnet
to localize and retain the dosage form in the
stomach. While promising in theory, they require
patient compliance and precise control. 24

1.7 Superporous Hydrogels

These systems swell rapidly due to their high
porosity and large surface area. Composed of
hydrophilic polymers, they can expand within
minutes to a large size, promoting gastric
retention. [2°]

1.8 Dual or Multi-Mechanism Systems

To overcome the limitations of individual systems,
formulations combining two or more retention
strategies like floating and mucoadhesion are
developed. These multi-mechanism systems aim
for improved stability and prolonged gastric
retention. 8]

Table 1: Summary of Gastroprotective Drug Delivery Systems (GRDDS)

Type of Formulation Advantages | Disadvantages Examples References
GRDDS Design
Floating Low-density Prolongs Requires Floating tablets of [18, 26]
Systems | systems that float gastric sufficient ciprofloxacin,

over gastric fluid residence gastric fluid,; HBS

using gas- time; not suitable for | (Hydrodynamicall
generating agents increases drugs that
{*31) INTERNATIONAL JOURNAL OF PHARMACELTICAL SCIENCES 1510 | Page
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(e.g., NaHCOs) | bioavailabilit irritate the y Balanced
or swellable y of drugs stomach Systems)
polymers with narrow
absorption
window
Effervesce | Uses effervescent Rapid Dependent on Effervescent 271
nt agents like floatation and | food and gastric metronidazole
Floating sodium good in vivo motility tablets
Systems bicarbonate and retention
citricacid ina
matrix
Non- Swellable or gel- Longer Risk of dose HPMC based (28, 29]
effervesce | forming polymers floatation dumping; lag in | Mebeverine HCI
nt like HPMC, time, suitable floatation and Hydralazine
Floating xanthan gum for sustained HCI matrix tablet
Systems release
Mucoadhe Use of Site-specific Mucosal Mucoadhesive [30. 31
sive bioadhesive drug delivery; | turnover can tablets of
Systems polymers (e.g., extended reduce adhesion amoxicillin,
carbopol, gastric time Chitosan based
chitosan) that retention mucoadhesive
adhere to gastric tablet of ibuprofen
mucosa
Swelling Polymers that Prevents Risk of gastric | Swellable matrices (32, 33]
Systems swell in gastric premature obstruction if of propranolol
fluid to a size > | passage; good not properly | HCI, Ciprofloxacin
pyloric sphincter | for controlled designed HCI
release
High- Density > 2.5 Effective for Technically Barium sulfate (341
Density | g/cm3to sink and drugs challenging; based tablets
Systems remain in the requiring limited polymer
stomach lower Gl tract options
exposure
Raft- Forms a viscous, | Mainly used | Not suitable for | Alginic acid-based (3]
forming cohesive gel raft for local systemic Gaviscon®
Systems that floats on effect in the delivery
gastric contents | stomach (e.g.,
antacids)
Magnetic Formulation Targeted Requires patient |  Ferrite powder (361
Systems | contains internal gastric compliance and based magnetic
magnets; external retention an external GRDDS
magnet controls magnet device
positioning
Expandabl | Unfold or swell | High potential Risk of Gl multi-component B37]
e Systems to a large for controlled obstruction; gastroretentive
configuration that release complex design | expandable drug
resists gastric delivery system of
emptying Metformin
Superporo | Rapid swelling Quick Sensitive to pH Superporous (25, 38]
us hydrogels with expansion; and ionic hydrogel tablet
Hydrogels superporous good strength dosage forms of
structure esomeprazole,
%::, j,\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENGES 1511 |Page
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mechanical
strength

Superporous
hydrogel beads of
ranitidine

Gastroprotective Drug Delivery Systems For
Cardiovascular Drugs

Cardiovascular drugs often present formulation
challenges due to poor bioavailability, short half-
life, or narrow absorption windows limited to the
upper gastrointestinal tract. GRDDS have been

Improved
Patient
Compliance

Reduced
Side Effects

explored as a solution to enhance bioavailability,
prolong therapeutic effect, and improve patient
adherence (Figure 1). This section highlights real-
world examples of GRDDS designed for
cardiovascular drugs, focusing on formulation
strategies and their resulting improvements.

Enhanced
Bioavailability

Advantages of
Formulating
GRDDS for
Cardiovascular

Reduced
Dosing
Frequency

Drugs

Controlled or
sustained release

Minimized
First-Pass
Metabolism

Figure 1: Advantages of GRDDS in Cardiovascular Therapy

Propranolol's short half-life, high first-pass
metabolism, and the fact that food increases its
bioavailability make it suitable for gastroretentive
systems. As an acid-soluble basic drug where P-
glycoprotein influences absorption, it benefits
from prolonged gastric residence. Jagdale et. al.,
developed floating tablets by blending propranolol
hydrochloride with HPMC, HPC, sodium
bicarbonate as a gas-generating agent, and
diluents, followed by direct compression. The
matrix tablets swelled upon contact with aqueous
medium. Formulations with xanthan gum
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demonstrated good drug-retaining abilities but
poor floating capabilities. Formulation containing
HPMC K4M provided optimal results with 92%
drug release over 18 hours, and X-ray evaluation
confirmed 4-hour gastric retention. [*¢! Atenolol is
a beta-1 selective adrenergic blocker with limited
oral bioavailability due to poor absorption in the
lower gastrointestinal tract. Rao et. al., formulated
a gastroretentive floating tablet of atenolol using
hydroxypropyl methylcellulose (HPMC K4M),
guar gum, and sodium bicarbonate. The
formulation was prepared by direct compression,
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with HPMC providing the gel matrix, guar gum
slowing the release through its viscosity, and
sodium bicarbonate generating gas for buoyancy.
The optimized tablets showed a sustained drug
release profile, delivering approximately 99% of
atenolol over 24 hours while maintaining
prolonged gastric retention. The drug release
followed a non-Fickian diffusion mechanism,
indicating a balance of diffusion and polymer
relaxation. ¥ Building on similar principles in a
different study by Gunda et. al., developed
atenolol floating tablets with varying amounts of
HPMC K15M and sodium bicarbonate using 3?
factorial design. The optimized formulation
showed optimal performance, achieving
controlled drug release (~99% over 24 hours),
good buoyancy, and close similarity to a marketed
product. Drug release followed Higuchi kinetics
with a non-Fickian (Super Case-I11) mechanism,
suggesting diffusion through a swollen matrix
combined with polymer relaxation. Results
confirmed that increasing polymer concentration
slowed drug release, while higher sodium
bicarbonate levels enhanced it. %1 Combination
therapy atenolol and simvastatin was formulated in
the form of gastroretentive bilayer floating tablets;
simvastatin was formulated as an immediate-
release layer, and atenolol as a sustained-release
layer. Tablets were prepared by direct
compression using HPMC K100 (37.5%) as the
release-retarding polymer and sodium bicarbonate
as the gas-generating agent. The immediate-
release layer contained sodium starch glycolate to
ensure rapid disintegration. The optimized
formulation floated for over 12 hours with a lag
time of about 9 minutes, released over 96% of
simvastatin within 15 minutes, and sustained
atenolol release over 12 hours by diffusion. These
results demonstrate a successful biphasic release
profile suitable for combined therapy in
hypertension and dyslipidemia. [4]
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Diltiazem Hydrochloride is a calcium channel
blocker used to treat hypertension and angina. It
undergoes extensive first-pass metabolism via
cytochrome P-450 CYP3A, resulting in low oral
bioavailability (30-40%). With a half-life of 3.5
hours, frequent dosing and absorption limited to
the upper intestine, it is a suitable candidate for
gastroretentive  delivery. Chandira et. al.,
developed floating tablets using an effervescent
approach and direct compression method.
Hydrophilic polymers (HPMC K4M, HPMC
K15M), a hydrophobic polymer (ethylcellulose),
and excipients like sodium bicarbonate, citric acid,
magnesium stearate, talc, and lactose were used in
various ratios. The optimal formulation showed a
lag time of only a few seconds and floated for over
12 hours releasing 99.81% drug release over that
duration. [ Similarly, in in another study,
Kalidindi et al. developed sustained-release
microspheres of diltiazem hydrochloride using
ionotropic  gelation, incorporating  sodium
alginate, HPMC K15M, and carbopol 934 in
various combinations. The optimized formulation
demonstrated a mean particle size between 6.1 and
9.2 pm, high entrapment efficiency ranging from
70% to 94.6%, and a controlled drug release of up
to 96%. Among the tested polymers, carbopol 934
proved most effective in controlling drug release
Kinetics in the final sustained-release microsphere
formulation. 3 Losartan potassium (LP), an
angiotensin receptor blocker for hypertension, has
poor solubility at higher pH, which limits its
bioavailability. To address this, an effervescent
floating matrix tablet (EFMT) was developed by
Rahamathulla et. al., using direct compression
with HPMC-90SH 15,000, karaya gum, and
sodium bicarbonate. The goal was to prolong
gastric residence time and enhance drug
absorption in the stomach. The tablets underwent
evaluation for pre- and post-compression
properties, in vitro buoyancy, swelling, and drug
release. All formulations showed acceptable
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physical characteristics, floated within 1 minute,
and remained buoyant for over 24 hours. The
optimized formulation demonstrated non-Fickian
diffusion with complete drug release over 24 hours
and excellent floating behavior in vivo, as
confirmed by X-ray imaging in rabbits.
Pharmacokinetic studies indicated improved
bioavailability of the EFMT compared to the oral
solution M. Losartan potassium has also been
formulated into a non-effervescent floating tablet
to enhance gastric residence time and prolong drug
release. Chitosan and karaya gum were used as
matrix-forming agents, while Accurel® MP 1000
served as the floating aid. Tablets were prepared
by direct compression and evaluated using FTIR
and DSC, confirming drug—polymer
compatibility. Pre-compression parameters met
pharmacopoeial standards. The tablets exhibited
immediate buoyancy with no lag time and floated
for over 12 hours. In vitro studies showed
sustained drug release through swelling and
gelation mechanisms. In vivo X-ray imaging
confirmed gastric retention for 12 hours, and
accelerated stability testing demonstrated tablet
stability for over six months. These results suggest
that the non-effervescent floating tablet of losartan
potassium is a promising once-daily formulation
for effective hypertension management M1, In
another study by Patel et al. a gastroretentive raft-
forming tablet of losartan potassium was
formulated using direct compression, with
polymers such as HPMC K4M, xanthan gum, and
carbopol 971P at varying concentrations. Sodium
bicarbonate and sodium alginate were included as
gas-generating and foaming agents to support
buoyancy. The optimized formulation exhibited a
floating lag time of 20 minutes, remained buoyant
for up to 12 hours, and excellent in vitro drug
release (98.88% over 12 hours), demonstrating
effective sustained-release behavior. 1 Varshi et.
al., developed a gastroretentive floating tablet of
metoprolol succinate to enhance gastric retention
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and improve drug bioavailability. Metoprolol
succinate, a [l-selective blocker used for
hypertension, arrhythmia, and angina, has only
48% oral bioavailability due to limited absorption
in the lower gastrointestinal tract. Floating tablets
were formulated using hydrophilic polymers
(HPMC K4M, K15M, K100M, and PEO 303) and
sodium bicarbonate as a gas-generating agent to
reduce lag time and sustain drug release. Results
confirmed that the formulations exhibited good
floating ability with a floating lag time of 20 s,
total lag time of up to 12 h and prolonged release
of 100 % in 12h and meeting all the quality
standards. This indicates that floating tablets of
metoprolol succinate offer a promising alternative
to conventional dosage forms for improved
therapeutic efficacy. " Porous floating tablets of
captopril were developed by Reza et. al. using zein
as the matrix-forming polymer and I-menthol as a
porogen. The tablets were manufactured via direct
compression, and sublimation of I-menthol created
internal pores that lowered tablet density, enabling
immediate and prolonged buoyancy in gastric fluid
for over 24 hours. Drug release was influenced by
the degree of porosity—higher porosity led to
faster release rates, which could be controlled by
adjusting |-menthol levels. The tablets also
demonstrated strong mechanical integrity under
wet conditions, indicating their ability to endure
the gastric environment. In vivo studies in New
Zealand rabbits confirmed extended gastric
retention and sustained drug release, with a longer
Tmax and mean residence time compared to
immediate-release tablets. These results support
the use of zein-based porous systems as a
promising approach for enhancing gastric
retention and therapeutic performance of captopril.
[%81 \verapamil, a calcium channel blocker used in
cardiovascular therapy, has a short half-life that
necessitates frequent dosing. Kumar et al.
developed microcapsule-based formulations of
verapamil using ethylcellulose (EC) and cellulose
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acetate (CA) via a hot melt technique, varying the
drug-to-polymer ratios. These microcapsules were
later compressed into matrix tablets to compare
release profiles. In vitro studies in 0.1 N HCI
showed that drug release duration increased with
higher polymer content, with the 1:1 drug-to-
polymer ratio providing the most prolonged
release. Specifically, EC-based and CA-based
formulations extended drug release up to 7 and 6
hours, respectively, while matrix tablets prepared
from these microcapsules achieved controlled
release for up to 12 hours. The optimized
formulations followed Higuchi Kkinetics and
offered a promising approach for sustained once-
daily oral delivery of verapamil. *°l Rao et. al.,
developed a floating drug delivery system for
clopidogrel bisulphate aimed at enhancing its
bioavailability while minimizing side effects such
as gastric bleeding and the risk of drug resistance.
Floating tablets were formulated using the direct
compression method with varying concentrations
(20%, 25%, and 30% w/w) of xanthan gum,
HPMC K15M, and HPMC K4M. Sodium
bicarbonate (15% w/w) was used as a gas-
generating agent, and microcrystalline cellulose
(30% wi/w) served as a filler. The formulations
were evaluated for their buoyancy and the impact
of polymer type and concentration on the drug
release profile. In vitro dissolution studies in 0.1 N
HCI indicated that all batches followed first-order
and Higuchi release kinetics, with non-Fickian
diffusion as the primary mechanism. Drug release
was significantly influenced by polymer
concentration, with higher levels slowing the
release (P < 0.05). The optimized formulation
containing 25% xanthan gum showed optimal
floating behavior (floating lag time of less than 1
minute and total floating time of more than 16
hours) and controlled drug release, making it the
most promising candidate. [°%
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Evaluation Parameters for Gastroprotective
Drug Delivery Systems

Evaluation of gastroprotective drug delivery
systems (GRDDS) involves specialized tests that
directly assess their ability to remain in the
stomach and release the drug effectively.
Important parameters include buoyancy lag time,
which measures how quickly the dosage form
begins to float in gastric fluid, and total floating
duration, indicating how long it stays buoyant to
ensure prolonged gastric retention. The swelling
index and water uptake tests evaluate how much
the formulation expands upon contact with gastric
fluid, contributing to its retention. Measuring the
density or specific gravity confirms whether the
system is sufficiently light to float. Physical
strength tests like hardness and friability ensure
the dosage form can withstand handling and
gastric motility. In vitro drug release studies track
how the drug is released over time, ensuring
controlled and  sustained  delivery.  For
mucoadhesive systems, bioadhesive strength
testing assesses the formulation’s ability to stick to
the gastric mucosa. Lastly, in vivo gastric retention
studies, often using imaging techniques, verify
how long the system remains in the stomach in a
living organism. The tests are described along with
ideal limits in the following section:

Buoyancy Lag Time and Total
Duration

Floating

For floating GRDDS, buoyancy is a critical
parameter. The buoyancy lag time (BLT)
represents the delay before the dosage form begins
to float upon immersion in gastric media (typically
0.1 N HCI, pH 1.2). Floating time is determined by
using the USP disintegration apparatus containing
900mL of 0.1 N HCI solution as a testing medium
maintained at 37 £ 0.5°C. The time required to
float different dosage forms is noted as floating (or
buoyancy) lag time and floating duration of the
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dosage form is determined by visual observation.
51 An ideal system should exhibit a BLT of less
than 2 minutes. The total floating duration reflects
how long the dosage form remains buoyant, with
successful systems maintaining flotation for over
12 hours to ensure prolonged gastric residence. 2]

Swelling Index and Water Uptake

In swelling-based GRDDS, the ability of the
dosage form to increase in size upon contact with
gastric fluids is essential for gastric retention. The
swelling of the polymers can be measured by their
ability to absorb water and swell. Water uptake
studies of the formulation are performed using
USP dissolution apparatus 1. The medium used is
usually distilled water or 0.1 N HCI (900mL)
rotated at 50 rpm and maintained at 37 + 0.5°C
throughout the study. After a selected time
interval, the formulation is withdrawn, blotted to
remove excess water, and weighed. 5% 54 For
significant gastroretentive behavior, formulations
should exhibit a swelling index above 150%
within 2-3 hours. % Swelling characteristics of
the tablets expressed in terms of water (WU) are
calculated as:

Swelling Index (%) = [(W: — Wo) / Wp] x 100
Where,

W4 is the weight at time t
W is the initial weight.
Density (Specific Gravity)

For a floating system to remain buoyant in the
stomach, its density must be less than that of
gastric fluids (approximately 1.004 g/cm3) while
that for high density systems should be more than
this, so the dosage form sinks at the bottom of
stomach. Systems with a density below 0.9 g/cm?3
typically achieve rapid and sustained buoyancy
while an increase in density of the dosage form
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greater than 2.500 g/cm?®enhances the gastric
retention time of the dosage form. Density can be
determined by the displacement method using
Benzene displacement medium. (56571

Hardness and Friability

Mechanical strength testing ensures that the
dosage form retains its integrity during gastric
retention. Tablet hardness should typically exceed
5 kg/cm? to withstand gastric motility, while
friability should be less than 1% weight loss after
100 rotations in a friabilator. 8

In Vitro Drug Release Studies

The sustained release profile is critical in GRDDS
to maintain therapeutic drug levels. In vitro drug
release from GRDDS is commonly evaluated
using the United States Pharmacopeia (USP) Type
Il (paddle) dissolution apparatus operated at
37+0.5°C, which simulates physiological body
temperature. The dissolution medium typically
consists of 900 mL of 0.1 N hydrochloric acid
(HCI), mimicking the gastric environment.
Sampling is performed at predefined intervals to
generate a release profile, which is then analyzed
using mathematical models. Ideal GRDDS
formulations aim to exhibit zero-order Kinetics,
where the drug is released at a constant rate
regardless of concentration, or Higuchi kinetics,
which describe release based on diffusion through
a matrix. [

In Vivo Gastric Retention Studies

In vivo studies are crucial to confirm how long a
gastroretentive dosage form actually stays in the
stomach after administration. Techniques such as
gamma scintigraphy, X-ray imaging with radio-
opaque markers, and MRI are commonly used to
track the position of the dosage form in real time.
Among these, gamma scintigraphy is often
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preferred for its accuracy and non-invasiveness
601 An effective GRDDS is typically expected to
remain in the stomach for more than 6 hours to
ensure sustained drug release at the site of
absorption Y, Factors like gastric motility, food
intake, and body position can influence these
outcomes, highlighting the need for in vivo
validation alongside in vitro assessments. [

Bioadhesive Mucoadhesive

GRDDS)

Strength  (For

For mucoadhesive systems, the adhesive force to
the gastric mucosa is crucial. This is measured
using modified balance or texture analyzers.
Bioadhesive strength of a polymer can be
determined by measuring the force required to
separate a polymer specimen sandwiched between
layers of either an artificial (e.g. cellophane) or a
biological (e.g. rabbit stomach tissue) membrane.
This force can be measured by using a modified
precision balance or an automated texture
analyzer. A minimum detachment force of 0.5 N is
generally considered acceptable for gastric
retention, [62 6%l

Challenges And Limitations

Despite the therapeutic advantages of GRDDS in
improving the bioavailability and plasma
concentration consistency of cardiovascular drugs,
several formulation challenges persist. The
primary challenge in developing GRDDS is
ensuring the system remains in the stomach or the
upper small intestine long enough to release the
drug at a controlled rate. Gastric emptying time
varies significantly and is influenced by factors
such as the physical nature of the dosage form and
whether the stomach is in a fed or fasted state.
Generally, gastric retention is longer when the
stomach is fed and shorter during fasting. [** Other
factors including the type and caloric content of
food, as well as individual characteristics like age
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and gender also affect gastric emptying. ! High-
fat meals, for example, significantly delay gastric
emptying, and certain indigestible polymers or
fatty acid salts can alter stomach motility to further
reduce emptying rates. [%¢1 Other factors such as the
size and shape of the dosage form, a patient’s
disease state, and body mass index further impact
gastric residence time and, consequently, drug
efficacy. (71 Notably, multiple-unit GRDDS often
offer more consistent and predictable drug release
than single-unit systems, which may leave the
stomach before becoming effective due to the
interplay between lag time and gastric emptying.
61 Floating systems may also pose a risk of dose
dumping, especially for drugs with a narrow
therapeutic index, such as isosorbide mononitrate,
where uncontrolled release can lead to serious
cardiovascular side effects. These challenges
necessitate careful optimization of drug release
Kinetics, buoyancy, matrix stability, and patient
adherence to fully realize the potential of GRDDS
in cardiovascular therapy.

Future Perspective

Although various gastroretentive drug delivery
systems (GRDDS) have been developed, many
still face limitations particularly inconsistent
gastric retention times (GRT) influenced by fed
and fasted states. Since no single system fully
addresses these challenges, combining multiple
mechanisms such as floating with mucoadhesive,
expandable, or high-density features offers a more
reliable solution. These dual-function systems are
less affected by physiological variations and can
better maintain prolonged gastric residence. Future
GRDDS for cardiovascular drugs are likely to
evolve through innovative materials and smart
technologies. Polymers with pH-responsive,
mucoadhesive, and biodegradable properties can
improve both retention and drug release profiles.
Integration of stimuli-responsive hydrogels,
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expandable systems, or magnetically controlled
devices could enable adaptive drug delivery
aligned with circadian rhythms of cardiovascular
symptoms. Personalized approaches, informed by
pharmacogenomics and digital health monitoring,
may further refine treatment. To support clinical
translation, future work should focus on scalable
manufacturing, improved in vitro-in vivo
correlation models, and non-invasive tools for
real-time tracking of drug behavior in the stomach.

CONCLUSION

Gastroprotective drug delivery systems have
emerged as a valuable solution for addressing the
pharmacokinetic limitations of cardiovascular
drugs, particularly those with narrow absorption
windows, short half-lives, and extensive first-pass
metabolism. The successful formulation of
cardiovascular drugs such as propranolol, atenolol,
diltiazem, losartan, and others into GRDDS has
demonstrated  significant improvements in
therapeutic outcomes. These systems offer
sustained drug release profiles, reduced dosing
frequency, and enhanced patient compliance,
which are particularly crucial for chronic
cardiovascular conditions requiring consistent
plasma drug concentrations. However, the field
still faces challenges related to unpredictable
gastric  emptying times influenced by
physiological factors such as fed/fasted states,
food composition, and individual patient
characteristics. The variability in gastric retention
times remains a significant hurdle that affects the
reliability and predictability of drug release from
GRDDS. Future developments in GRDDS are
likely to focus on dual-mechanism systems that
combine multiple retention strategies to overcome
single-system limitations. The integration of smart
polymers with stimuli-responsive properties,
along with personalized medicine approaches
incorporating pharmacogenomics and digital

Vot
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health monitoring, represents the next frontier in
gastroretentive drug delivery.
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