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ABSTRACT

Hypertension is a chronic condition requiring continuous drug therapy, but standard drug modes are still mostly
limited due to the rapid gastric emptying that causes variable pharmacokinetics. Floating microbeads, multi
particulate gastro retentive systems, are drug delivery devices designed to prolong the gastric retention time and
hence improve the bioavailability of drugs. They also provide a sustained release of antihypertensive drugs having
absorption windows in the upper Gl tract. This paper reviews various formulations and evaluations of the systems
with the help of different polymers. This review focuses on formulation techniques such as ionotropic gelation,
spray drying, formation and key performance parameters. However, great difficulties still exist in clinical
translation from animal studies which have shown increased pharmacokinetic profiles. These include physiological
variability, inconsistent fed state performance and manufacturing scalability. In vitro trials of thorough promise
have been met by the analysis with the reality that physiological and regulatory hurdles have to be overcome before
floating microbeads in hypertension can be a clinical reality.
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INTRODUCTION
The world still faces increasing challenges from

mechanism of buoyancy. These spherical multi
particulate systems, usually with a particle size range of

hypertension. About 1.3 billion adults around the globe
are suffering from hypertension and new advanced
therapies are needed for effective long term treatment.!)

It is true that a wide range of antihypertensive drugs is
available. However, the therapeutic effects of such drugs
are generally compromised because of the limitations of
the conventional dosage forms. Especially the problem
of the quick passage through the gastrointestinal tract
and hence the unpredictable patterns of drug absorption
have been identified as the major limiting factors. Drugs
that have a narrow absorption window in the upper small
intestine or whose solubility depends on pH frequently
result in low bioavailability when administered in
traditional dosage forms.?

Floating microbeads are a new concept in drug delivery
system that have been developed in an attempt to remedy

100 pum — 1000 um, have a density less than that of
gastric fluids which allows them to float over the gastric
contents and at the same time they are able to release the
drugs incorporated gradually.”! The effectiveness of
these systems relies heavily on the proper choosing of
polymers to be used, as they not only determine the
systems chemical resistance but also the performance of
the systems in terms of floatability and drug release.

This review is mainly concerned with the systematic
development and thorough investigation of floating
microbeads made with different polymeric systems
aimed at hypertension therapy. We delve into the
correlations between the molecular structure and
functional properties of various polymers, their methods
of processing, and the resulting physicochemical
characteristics that affect the treatment outcomes. By
integrating scientific studies, the article offers a critical

these issues of drugs by gastric retention through the evaluation of the polymer-focused formulation
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approaches and their potential in the design of
efficacious antihypertensive floating microbead systems.
Polymeric Microbead
Formulation

The selection of appropriate polymers constitutes the
foundation of effective floating microbead formulation,
with each polymer imparting distinct physicochemical
and biopharmaceutical properties to the final dosage
form.

Systems in  Floating

Natural Polymers

Natural polymers, by way of biocompatibility,
biodegradability, and in many cases, innate mucosal
adhesion properties that can improve gastric retention,
are beneficial to drug delivery systems.

Alginate Based Systems: Sodium alginate, a linear
anionic polysaccharide extracted from brown algae, is by
far the most extensively used polymer for floating
microbeads, primarily because it can be gelled ionotropic
with divalent cations (Ca?*, Ba?*, Zn?*) to form stable
gels. The extent of cross-linking, which is a function of
the cation concentration and the time the beads are
exposed to the cations, has a direct effect on the
mechanical strength of the beads, their ability to swell,
and their drug release pattern.

Chitosan Based Systems: A cationic polysaccharide,
this is extracted from the deacetylation of crustacean
chitin. It imparts mucoadhesive properties and also has
permeation enhancing effects. Chitosan can make gels by
ionic interactions with polyanions (e.g.,
tripolyphosphate) or through polyelectrolyte
complexation with alginate, resulting in matrices with

(a) Rapid Emptying of Conventional Tablet

Quick Passage to Intestine

() Sustained Release to Absorption Window

Gradual
Drup Release

Prolonged Drug Absorption
e S

controlled porosity  and release

characteristics.”

adjustable

Plant Derived Polymers: Recently, the focus has been
on exploring different plant derived polymers such as
gellan gum, pectin, guar gum, and xanthan gum. These
are mainly used to increase the viscosity, act as gel
forming agents or modify the release in combination
with other agents.

Semi Synthetic and Synthetic Polymers

Such polymers give the advantage of enhanced
reproducibility, predictable release patterns, and the
ability to adjust physicochemical properties to the
desired extent.

Cellulose Derivatives: Hydroxypropyl methylcellulose
(HPMC) and sodium carboxymethyl cellulose (NaCMC)
are amongst the most common swellable matrix formers.
The amount and viscosity grade of the polymers
basically decide the rate at which they hydrate, the
thickness of the gel layer, and the resulting drug release
profiles.”

Acrylic Polymers: Eudragit polymers, especially RS and
RL variants, offer pH-independent controlled release
through diffusion mechanisms. They can be used alone
or with other polymers as well as for coating purposes to
control the release pattern.[®

Release Retardants: Ethyl cellulose, being a water-
insoluble polymer, is an excellent release retardant if
used in correct proportions. Frequently, it is mixed with
hydrophilic polymers to get the right buoyancy and
release features."

(b) Floating Microbeads Dispersion

Floating
Microbeads

Floating on Gastric Fluid

(d) Buoyancy via CO, or Low-Density Matrix

CO; Bubbles

Low-Density
Beads

Frtrapped Gas for Buoyancy

Figure 1: Mechanism of Floating Microbead Action.
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Floating microbeads (density <1.004 g/cm3) prolong
Gastric Retention Time (GRT) by resisting pyloric
propulsion while enabling controlled drug release to the
duodenal absorption window.

Polymer Blends and Composites

Nowadays, more and more formulations rely on polymer
blends or composites to obtain a synergistic effect of the
desired properties. For example, alginate with HPMC
blends to get stronger gels, chitosan and alginate
polyelectrolyte complexes to increase mucoadhesion,
and gellan combined with xanthan to achieve optimal
viscosity and controlled release.’” The extent of
compatibility between the polymers, their intermolecular
interactions, and the behavior of the phases determine the
nature of the final microbeads to a great extent.

Formulation Techniques and Process Parameters

The choice and execution of microbead manufacturing
methods have a profound impact on the microbeads' size
distribution, morphological features, drug encapsulation,
and other functional properties.

lonotropic Gelation

The ionotropic gelation technique is the most common
method for the preparation of hydrophilic ionic polymers
such as alginate. A polymer drug solution is forced
through a syringe needle and extruded into a vial
containing a cation solution usually (CaCl;) under gentle
stirring. The following are some of the crucial process
parameters:

Polymer Solution Parameters: polymer concentration (1-
4% wilv), viscosity low to moderate (=50-500 cP), and
drug loading usually drug: polymer ratio of 1:1 to 1:3.

Extrusion Parameters: needle gauge (18G-22G),
dropping height (5-10 cm), flow rate (0.5-2 mL/min)

Cross-linking Parameters: cation concentration (1-5%
w/v), temperature (25-40°C), residence time (10-30
minutes)

Post-processing: curing time (20-30 min), washing
protocol, drying method (air/oven/freeze drying).*"

Emulsion-Gelation Method

This method is based on the formation of water-in-oil
emulsion which subsequently undergoes gelation. The
method is, therefore, perfect for hydrophilic and
hydrophobic polymer systems. Basically, the process
comprises the following major components:

Emulsion Characteristics: Emulsion characteristics
involve the selection of an appropriate oil phase, such as
light liquid paraffin or sesame oil, along with the type
and concentration of emulsifier (Span 80 or Tween 80,
typically 0.5-2% wi/v). Additionally, the stirring speed
(500-2000 rpm) plays a crucial role in controlling
droplet size, stability, and uniformity of the microbeads.

Gelation Induction: Gelation induction is achieved by
ionic cross-linking using calcium chloride via internal
(aqueous phase) or external (oil phase) gelation methods,
which influence the structure and drug release properties
of microbeads.

Solvent Removal: Several washing stages using organic
solvents (n-hexane, petroleum ether).*

Spray Drying

This standalone and easily scalable process stage
essentially consists of spraying an atomized polymer-
drug solution into a hot chamber, thus resulting in the
formation of dry, free-flowing microspheres. The
parameters of optimization are:

Feed Solution: Solid content (5-20%), solvent
composition (aqueous/organic mixtures (water: ethanol
50:50-80:20 v/v; water: methanol 50:50-70:30 v/v),
depending on polymer solubility)

Process Conditions: Inlet temperature (100-160°C),
outlet temperature (50-80°C), feed rate (3—10 mL/min),
atomization pressure (2—4 bar), aspirator setting (70—
90%). It is still very difficult to keep the low density (<1
g/cm3) consistent through several production batches
mainly due to the variability in the droplet formation and
drying kinetics.™*®

Innovative Fabrication Approaches

Some new methods that have been introduced are:
Vibrational Nozzle Systems: Vibrational nozzle systems
are based on the application of controlled mechanical
vibrations to a liquid jet, leading to its breakup into
uniformly sized droplets. The droplet size and frequency
can be precisely tuned by adjusting vibration parameters
such as frequency and amplitude. This technique
significantly improves monodispersity and
reproducibility, overcoming limitations of conventional
dripping methods.

Electrostatic Droplet Generation: Electrostatic droplet
generation employs an external electric field to overcome
surface tension and induce droplet formation. The
interaction between electric forces and interfacial tension
allows precise control over droplet size and formation
dynamics. This method enables the production of fine
droplets with narrow size distribution, making it highly
suitable for controlled drug delivery applications.

Microfluidic Devices: Microfluidic devices utilize
microscale channels to manipulate immiscible fluid
streams and generate droplets under controlled flow
conditions. These systems allow the formation of highly
monodisperse droplets with tunable size, morphology,
and internal architecture, including core-shell and
multicompartment structures. Such precise control
enhances reproducibility and encapsulation efficiency,
making microfluidics a powerful tool in advanced drug
delivery systems.*
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Evaluation Parameters and Characterization Floating Lag Time: The time taken by the beads to reach
Methods the surface of the medium in simulated gastric fluid

A detailed evaluation of the product involves various
physicochemical, biopharmaceutical, and stability
parameters.

Physicochemical Characterization

Particle Size and Distribution: Particle size is typically
determined by laser diffraction or dynamic image
analysis. Size distribution is represented by the span
value [Span = (D90 — D10)/D50]. For gastric retention,
the optimum size is generally within 400-800 pm.*!

Morphology: It is examined by scanning electron
microscopy (SEM), which helps to understand the
surface features (porosity, smoothness) and the cross-
sectional structure.™®!

Density and Porosity: True density is a property of
matter and is measured using helium pycnometry. Bulk
density, another property of matter, is determined by the
method of graduated cylinder. Effective porosity is
derived from the porosity and density measurements and
it influences the buoyancy and drug release.!*”?

Buoyancy Evaluation

The buoyancy behavior of microbeads is commonly
evaluated to determine their ability to float in simulated
gastric fluid. In this method, a known quantity of
microbeads is placed in 0.1 N hydrochloric acid (pH 1.2)
containing a small amount of surfactant such as Tween
80 to mimic the surface tension of gastric fluid. The
study is generally carried out at 37 + 0.5 °C using a USP
type Il dissolution apparatus or a beaker with gentle
stirring to simulate gastric motility. The time taken by the
beads to rise to the surface of the medium is recorded as
the floating lag time. At predetermined time intervals, the
floating particles are collected, dried, and weighed to
determine the proportion of beads that remain buoyant.

The percentage buoyancy
following equation
Buoyancy (%) = (Weight of Floating Particles / Initial
Weight of Particles) x 100

is calculated using the

(SGF) of pH 1.2 at 37°C
Total Floating Time: The time span beads stay on the top
as buoyant (target >8 hours)™®!

Drug Loading and Release Studies

Drug Entrapment Efficiency (DEE) is an important
parameter used to determine the amount of drug
effectively entrapped in  polymeric  microbeads.
Generally, a predetermined amount of microbeads is
precisely weighed and homogenized in a suitable solvent
like phosphate buffer solution, hydrochloric acid
solution, or methanol to extract the entrapped drug. The
suspension is then transferred to a volumetric flask and
sonicated to ensure complete extraction of the drug. The
solution is then filtered to separate polymeric debris and,
if required, diluted. The absorbance of the sample
solution is measured at the drug’s maximum absorbance
wavelength (Amax) using a UV-Visible
spectrophotometer. The concentration of the drug is
determined wusing a calibration curve. The Drug
Entrapment Efficiency is calculated using the appropriate
formula.™*”!

Drug Entrapment Efficiency (DEE): DEE (%) = (Actual
drug content / Theoretical drug content) x 100

Drug Loading Capacity: Amount of drug per unit weight
of beads

In Vitro Dissolution Studies

In vitro drug release experiments are performed to
evaluate the dissolution profile of drug-loaded
microbeads. Generally, these experiments are performed
using a USP apparatus Il (paddle) with a dissolution
medium of 900 ml of 0.1 N hydrochloric acid (pH 1.2).
The system is operated at a temperature of 37 + 0.5 °C
and a paddle speed of 50-100 rpm. Microbeads loaded
with the required drug dose are used in the experiment.
At set times, a fixed volume of sample is removed, and
an equal volume of preheated dissolution medium is
added to maintain sink conditions. The withdrawn
samples are filtered and analyzed using UV-Visible
spectrophotometry at the Amax of the drug to determine
the drug concentration. The cumulative percentage of
drug released is calculated and plotted against time to
obtain the drug release profile.*”!

Table 1: Consolidated Performance Data from Recent Studies.

(DEr;z?mple) g;;}(/:wmer II:/(I)ert?(l)J(ljatlon Reported Performance Outcome / Key Finding
. . Floating beads enhanced
Losartan Alginate / lonotropic ErEE>§_82_§9€§(:‘ ‘UZI?;ZQ?E_ gastric retention time
Potassium HPMC K4M gelation 8506 i k " | (GRT) and provided
bin8h . [21]
sustained drug release
DEE: 72-85%, Floating Demonstrated promising
Valsartan Chitosan / Emulsion— lag time <5 min; Drug gastroretentive carrier
HPMC crosslinking release followed Higuchi | system for improved
model bioavailability!?*!
Metoprolol | Sodium lonotropic DEE: 68-81 Floating time | Effectively prolonged drug
Succinate Alginate / gelation >10 h; Zero-order release | release and gastric
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HPMC K15M kinetics residence time™
Gellan Gum / lonotropic DEE: 75-88%, Floating Maintained buoyancy and
Carvedilol HPMC elationp time >12 h, Drug release: | provided controlled drug
9 90% in 12 h releasel
. DEE: 65-79%; Floating .
_ HPMC / Ethyl Emulsion— time >8 h, Drug release: Suitable for (_jru_gs un_stable
Captopril solvent : or degraded in intestinal
Cellulose . 95% in 12 h (anomalous [25?
evaporation . pH
transport mechanism)
Alginate / Polvelectrolvte DEE: 71-84%; Floating Demonstrated
Atenolol g Y OV | time >10 h, pH-dependent | mucoadhesion along with
Chitosan complexation . : 26]
swelling and drug release | gastroprotective effect

Reported Limitations and Failed Formulation
Strategies

Acknowledging failed formulation approaches is
essential for advancing the development of floating

microbeads. Various studies have reported limitations

arising from polymer instability, incomplete cross-
linking, process variability, and environmental factors,
which can significantly affect bead integrity, buoyancy,
and drug release behavior. The commonly reported
failures are summarized below.

Table 2: Reported Limitations and Failure Mechanisms in Floating Microbead Formulations and Their Impact

on Therapeutic Performance.

Observed

Formulation Issue .
Failure

Proposed Mechanism

Implications for
Hypertension Therapy

Partial leaching of Ca?* ions

Unpredictable drug release of

Incomplete lon
Exchange (Alginate)

Beads sink after
4-6 hours

and replacement by
monovalent Na*/H* ions
reduce gel integrity and
increase bead density

agents such as metoprolol,
resulting in loss of 24-hour
blood pressure control!?”!

Polymer Erosion—

Burst release with

Rapid hydration and erosion
of low molecular weight

Risk of high initial peak
plasma levels of drugs like

Acidic Instability
(Chitosan)

disintegration at
pH <2

depolymerization of chitosan
chains under gastric
conditions

Controlled Release low-viscosity HPMC fails to form a stable | nifedipine, potentially causing
HPMC - - - - [29,30]
diffusion barrier hypotension
Bead Acid-catalyzed hydrolytic Dose dumping of encapsulated

drug, negating sustained-
release benefits®®!

Spray-Drying—
Induced Structural
Collapse

Loss of hollow
core and absence
of floatation

High inlet temperature or
rapid solvent evaporation
leads to collapse of internal
air voids

No gastric retention advantage
despite acceptable in-vitro
drug release!*”

Food-Polymer
Interactions

Entrapment
within food bolus

Adhesion of beads to viscous
food components prevents
effective buoyancy

Marked reduction in gastric
residence time and drug
bioavailability when
administered with mealst®*3*!

Angiotensin-Converting Enzyme (ACE)

Inhibitors

Floating Drug Delivery Systems and Their
Applicability to Different Classes of Antihypertensive
Drugs

The choice of floating microbeads is highly diverse
among different antihypertensive drug classes, and is
mainly controlled by the pharmacokinetic and
physicochemical properties:

p-Blockers (e.g., Atenolol, Metoprolol): tThe Best
Candidates. Most of their absorption is limited to the
upper part of the intestine; hence, the use of floating
which provides prolonged gastric retention, is quite a
moderate solution for the controlled drug release and
bioavailability improvement, and thus for keeping the
plasma level stable.F**!

(e.g., Enalapril, Captopril): Difficult Candidates. Most of
the ACE inhibitors are unstable at gastric low pH which
in turn leads to their degradation. Floating drug delivery
system can offer protection from intestinal alkaline pH,
however, because of gastric acid exposure most of the
drugs may lose their stability. In such cases, formulations
that modify the pH are needed.*®!

Angiotensin Il Receptor Blockers (ARBs) (e.g.,
Losartan, Valsartan): Average Candidates. The high
lipophilicity of these drugs usually guarantees their good
absorption all along the GI tract, which results in the
reduced relative benefit of the prolonged GRT. The main
advantage of the GRT prolongation is the smoothing of
peak-trough fluctuations.!®”)
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Calcium Channel Blockers (CCBs) (e.g., Amlodipine,
Nifedipine): Complex Candidates. Although better
solubility at acidic pH is a positive aspect, most CCBs
undergo large food effects which can unpredictably
change gastric retention time, thus resulting in complex
clinical outcomes.®®

Diuretics (e.g., Hydrochlorothiazide): Poor Candidates.
Fast effect is mostly considered good, and the drugs
work at the site of the whole body, not a specific one. A
GRT sustained release would hardly bring any
therapeutic benefit and might even result in delayed
effectiveness.

In Vitro In Vivo Correlation (IVIVC)

It is especially challenging to come up with a predictive
IVIVC for floating microbeads:

Dissolution Apparatus Limitations: USP paddles/baskets
are very bad at simulating gastric motility and the
floating layer. More sophisticated methods such as the
TIM-1, dynamic gastric model or bio-relevant flow
through cells are required but they are not
standardized."*!

The Fed-State Puzzle: Making an in vitro model that
completely mimics the complicated physicochemical
environment of the post-prandial stomach is still a great
challenge, thus fed state IVIVC is a very tricky matter."*"

Clinical Translation and Evidence Gaps in Floating
Microbead Systems

Clinical advancement of floating microbead formulations
is at a very early stage. Only a few exploratory clinical
trials have been reported. A recent systematic review
highlighted that while many floating systems show
promise in preclinical models, robust clinical evidence
proving prolonged gastric retention and improved
therapeutic outcomes in humans is still scarce. The small
number of participants, short study durations, and lack of
direct comparative data with marketed sustained-release
products limit the generalizability of results to long-term
blood pressure control. Translational reviews from recent
years also emphasize the remaining gaps between the
success achieved in vitro and the clinical application,
especially considering physiological variability and
performance under fed state conditions.[*2*%

Regulatory Considerations

Mandatory bioequivalence studies are required, which
floating systems often struggle to pass due to high intra-
and inter-subject variability caused by fed/fasted state
variations.

Requirements for long-term safety data on novel polymer
residues and degradation products.

The lack of regulatory-accepted, predictive dissolution
models to guarantee in vivo performance (gastric

7.2. CONCLUSION

Floating microbeads are one of the several formulation
strategies that made a small step forward and have shown
some preclinical benefits for certain antihypertensive
drugs. A number of studies demonstrate a more efficient
gastric residence and pharmacokinetics in a controlled
environment. Nevertheless, the clinical application is
hindered by major physiological problems (fed/fasted
variability,  transient  buoyancy),  manufacturing
difficulties, as well as a poor record of animal models'
translation. Even though they have been thoroughly
experimentally validated, considerable physiological and
regulatory obstacles are still hindering the clinical use of
the method. Future research needs to move away from in
vitro optimization and focus more on the translational
science gaps: performing definitive human GRT studies
with imaging techniques, creating predictive fed-state
IVIVC models, and thoroughly assessing long-term
polymer safety. The technology's success will be
contingent upon a clear and realistic understanding of
these practical and regulatory obstacles.
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