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ABSTRACT

Floating drug delivery systems are among the
most  extensively studied strategies for
prolonging the gastric residence of orally
administered formulations. Their value rests on a
simple physical premise: a dosage form whose
bulk density remains lower than that of gastric
fluid will stay buoyant on the stomach contents,
releasing drug at a controlled rate within the
gastric milieu and the upper small intestine,
where the absorption windows for many
therapeutic agents are concentrated. The present

review examines the rationale, classification, and
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design principles of floating gastroretentive
systems, with attention to both effervescent and
non-effervescent formulations. Polymers
commonly used in floating systems, including
hypromellose grades, sodium alginate, Carbopol,
polyethylene oxide and Eudragit polymers, are
discussed alongside gas-generating agents and
low-density excipients. Manufacturing methods
include direct wet

covered compression,

granulation, solvent evaporation for hollow

microspheres, and ionotropic gelation for
floating beads. Standard in vitro evaluations such
as floating lag time, buoyancy duration, swelling,
and dissolution under simulated gastric
conditions, together with in vivo techniques such
as gamma scintigraphy, are reviewed. Marketed
products with established clinical use are
tabulated. Recent advances covered include

three-dimensional printing of personalised

floating dosage forms, floating in situ gels, raft-
forming nanocomposite systems, and the
application of artificial neural networks to

formulation screening.
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1. Introduction

Conventional oral controlled-release

formulations have transformed therapy for
chronic conditions, yet they share a common
vulnerability: once they leave the stomach, their
interaction with the absorption window in the
upper gastrointestinal tract becomes a race
against intestinal transit. For drugs whose
absorption is concentrated in the duodenum and
proximal jejunum, or for compounds that
degrade in the alkaline environment of the lower
small intestine and colon, this short window
often translates into incomplete bioavailability

and erratic plasma concentrations'™.

Riboflavin, levodopa, ciprofloxacin, captopril

and metformin all exhibit site-restricted
absorption with poor or absent uptake beyond the
proximal small bowel>**. Acid-labile drugs such
as ranitidine remain susceptible to inactivation if
released after the stomach has been bypassed.
Locally acting agents present a different but
related challenge. Eradication of Helicobacter
pylori, for instance, demands sustained luminal
concentrations of antimicrobials at the gastric
mucosa, which conventional immediate-release

tablets cannot reliably provide because of rapid

emptying®®,

Gastroretentive drug delivery systems (GRDDS)
were developed to extend the dwell time of a
dosage form in the stomach and thereby improve
drug uptake, reduce dosing frequency, and

129 distinct

stabilise plasma levels Several
physical strategies have been pursued to keep
formulations in the stomach beyond the usual

one to two hours of fasted-state emptying. These
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include increasing buoyancy so that the dosage
form floats on gastric contents, increasing
density so that it sinks into the antral folds,
expanding to a size greater than the relaxed
pyloric diameter, adhering to the gastric mucosa,
or applying external magnetic fields to anchor

magnetised cores'”.

Of these, floating drug delivery systems (FDDS)
have attracted the greatest commercial and
academic attention. The reasons are practical.
tablets and

Floating capsules can be

manufactured using standard pharmaceutical
equipment, polymers such as hypromellose used
in conventional matrix tablets are well
characterised, and the underlying principle, a
bulk density below approximately 1.004 g mL™!
relative to gastric contents, is straightforward to
engineer'*'2, While buoyant, the unit hovers on
the gastric fluid and releases drug at a controlled
rate; the dissolved or dispersed drug is then
emptied into the duodenum, where it is presented
to absorptive epithelium for an extended

period®’.

Two large families are recognised within FDDS.
Effervescent systems incorporate carbonate or
bicarbonate salts that release carbon dioxide on
contact with gastric acid; the gas is entrapped
within a swollen polymer matrix, lowering the
apparent density of the unit until it rises to the
surface'™'*!*. Non-effervescent systems achieve
buoyancy through different routes, including
hydrodynamically balanced capsules in which
gel-forming hydrocolloids hydrate to form a low-
density gel layer,

hollow microspheres or

microballoons that contain entrapped air, and
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porous matrices loaded with low-density

excipients” ',

They require an adequate volume of gastric fluid

for buoyancy to manifest, perform less
consistently under fasted conditions when gastric
volume is minimal, and may behave
unpredictably in patients with achlorhydria,
severe gastric motility disorders or after partial
gastrectomy'’’. Posture and meal pattern also
strongly influence performance, and clinical
work has shown that gastric retention is most
prolonged when the dosage form is administered

with or immediately after a meal™'®.

2. Anatomy and Physiology of the
Stomach Relevant to GRDDS

The stomach is divided into four anatomical
regions: the cardia at the oesophagogastric
junction, the fundus that arches above and to the
left of the cardia, the body which constitutes the
major reservoir and secretory zone, and the
pyloric region comprising the antrum and pyloric
canal that opens through the pyloric sphincter

into the duodenum”.

Two motor states govern gastric behaviour. In
the fasted state, the migrating motor complex
(MMC) cycles through four phases with a total
duration of about 90 to 120 minutes'®'’. Phase I
is a period of quiescence lasting 40 to 60
minutes, Phase Il is characterised by irregular
contractions, Phase III consists of intense
rhythmic contractions lasting 5 to 10 minutes
that sweep undigested material including non-

disintegrating dosage forms out of the stomach,
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and Phase IV is a brief transitional period before

the next cycle begins'®.

Feeding interrupts the MMC and replaces it with
a fed-state motor pattern of continuous, lower-
amplitude contractions that lasts as long as

in the stomach'®%,

caloric content remains
Gastric emptying of liquids and small particles is
rapid; 240 mL of water typically empties within
15 to 45 minutes in healthy volunteers*'. Solids
empty more slowly, with larger meals delaying
gastric transit by several hours and providing the
most favourable conditions for the performance

of floating systems'®%,

Gastric pH varies considerably between the
fasted and fed states. Fasted median pH is
approximately 1.7, with a range of 1.3 to 2.8%%%,
After a meal, intragastric pH rises rapidly to
between 6.2 and 6.7 because of the buffering
capacity of food, returning towards baseline over

23,24

about two hours Gastric volume also

fluctuates substantially.

Several patient-related factors modify gastric
residence. Age, sex, posture, body mass index,
smoking status and concurrent disease states
such as diabetes mellitus, gastroparesis, peptic
ulceration and Zollinger-Ellison syndrome can

each alter motility, pH or volume'¢*

. Drug-
related effects, including opioid-induced delay of
gastric

emptying or  prokinetic-induced

acceleration, further influence outcomes.

3. Classification of Gastroretentive Drug
Delivery Systems

Several mechanistic categories are recognised

within the broader family of gastroretentive
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systems, each exploiting a different physical or
biological feature of the upper gastrointestinal

tract.

Floating systems achieve buoyancy by

maintaining a bulk density lower than that of
gastric fluid, typically below 1.004 g mL ',
These are subdivided into effervescent and non-
effervescent designs, considered in detail in the

sections that follow.

Bioadhesive or mucoadhesive systems anchor
the dosage form to the gastric mucosa through
interactions between adhesive polymers such as
chitosan, Carbopol, polycarbophil and lectins,
and the mucin layer or epithelial surface®*. They
offer prolonged contact, but performance is
limited by the continuous turnover of the mucus

layer, which is shed every four to six hours.

Swelling and expanding systems absorb gastric
fluid and increase in size beyond the relaxed
pyloric diameter, which is reported to range

%25 Once

between 12 and 15 mm in adults
expanded, the unit cannot pass through the
pylorus and is retained until it degrades or
contracts; technologies such as the AcuForm
platform exemplify this principle in marketed

products®*,

High-density (sedimenting) systems incorporate
dense excipients such as barium sulphate, zinc
oxide or iron powder to produce dosage forms
with bulk densities of about 2.5 g mL™ or
greater. These are intended to settle into the
rugae of the antral region rather than float,
although clinical translation has been limited

because of difficulties in maintaining position*’.
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Magnetic  systems contain a magnetised
component, typically magnetite, and are held in
the stomach by an externally applied magnet.
While experimentally interesting, the
requirement for an external device restricts

practical use?.

Raft-forming systems produce a viscous, low-
density gel layer that floats on gastric contents,
commonly using sodium alginate together with
bicarbonate. They are particularly effective for
management of gastro-oesophageal reflux, where
the raft acts as a physical barrier at the gastric

cardia®’.

Superporous hydrogels swell rapidly to many
of an

fully

times their dry volume because

interconnected pore network. Once
expanded, they cannot be emptied through the
pylorus, achieving retention through size rather

than density”.

4. Floating Drug Delivery Systems:
Principles and Classification

A floating drug delivery system is, in essence, a
dosage form engineered so that its bulk density
remains lower than that of gastric contents
(approximately 1.004 g mL™') for a duration
sufficient to deliver its therapeutic payload'®''.
While buoyant, the unit hovers on top of the
gastric fluid, releasing drug at a controlled rate
that is dictated by the polymer matrix, the
geometry of the dosage form and the surrounding
fluid environment. Drug molecules so released
are subsequently emptied with gastric fluid into

the duodenum, where they encounter absorptive
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epithelium at the upper end of the small

intestine?.

Two architectural choices are commonly made
when designing floating systems. Single-unit
systems include monolithic tablets, capsules and
hydrodynamically balanced systems. They are
simpler to manufacture but suffer from an all-or-
nothing risk: if the single unit fails to float or is
prematurely emptied, the entire dose is lost from

9,10,12

its intended residence site Multiple-unit

systems such as floating microspheres,
microballoons, beads and granules distribute the
dose across many smaller particles. These spread
across the gastric mucosa, reduce the variability
arising from individual unit behaviour, and
minimise the risk of dose dumping if one fraction

is emptied prematurely'*'*.

4.1 Effervescent floating systems

In effervescent designs, the dosage form contains
a gas-generating component, usually sodium
bicarbonate alone or in combination with citric
or tartaric acid. On contact with gastric acid,
and becomes

carbon dioxide 1is evolved

entrapped within the swollen hydrophilic
polymer matrix, lowering the apparent density of
the unit until it rises to the surface'®'*!4¥,
Bilayer and multilayer tablets can be engineered
to separate the gas-generating layer from the
drug-release layer, allowing independent control

of buoyancy and release'’.

Two further effervescent variants exist. Gas-
generating systems use chemical reaction with
gastric acid, as described above. Volatile liquid-

containing systems incorporate a low-boiling
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liquid such as ether or cyclopentane sealed
within an inflatable compartment that vapourises
at body temperature, conferring buoyancy
without acid dependence’. The latter approach
has not progressed substantially beyond proof of

concept because of safety and stability concerns.

4.2 Non-effervescent floating systems

Non-effervescent systems achieve buoyancy
evolution.

(HBS),

without chemical gas
Hydrodynamically balanced systems
introduced by Sheth and Tossounian, comprise a
capsule filled with a mixture of drug and one or
more  hydrocolloid  polymers such as
hypromellose or sodium carboxymethylcellulose.
On contact with gastric fluid, the outer layer
hydrates to form a viscous, low-density gel
barrier that maintains buoyancy while the drug is
released by diffusion and erosion’*’. Madopar
HBS and Valrelease are marketed examples of

this technology.

Gel-forming or hydrocolloid matrix tablets
follow a similar principle in tablet form.
Microporous compartment systems use a drug
reservoir enclosed within a microporous, low-
density polymer wall that allows gastric fluid to
enter, dissolve the drug and release it through the
while the maintains

pores entrapped  air

buoyancy’.

Hollow microspheres, also called microballoons,
represent one of the most studied multiple-unit
non-effervescent designs. They are typically
prepared by an emulsion solvent diffusion or
solvent evaporation method using polymers such

as ethyl cellulose, Eudragit RS or HPMC. The
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solvent evaporates leaving a hollow core that
confers low density and prolonged buoyancy"’.
Alginate beads prepared by ionotropic gelation in
calcium chloride solution can also be engineered
to float by including bicarbonate or oil
entrapment during gelation, with the additional
benefit of mucoadhesion through the negatively

charged alginate matrix'®?’,

5. Mechanism of Floatation

Buoyancy of a floating dosage form is governed
by Archimedes’ principle: the unit floats if the
weight of the gastric fluid it displaces equals or
exceeds its own weight. Translated into
formulation language, the bulk density of the
dosage form must remain below approximately
1.004 g mL™", which is the typical density of

gastric contents'*'%,

In effervescent systems, the mechanism is driven

by gas generation. When sodium bicarbonate or

Floating tablet HPMC gel layer

Water ingress (arrows)

(=)

&gstric fluid
pH ~1.2

Dry core (red) and swelling zone (gold) NaHCO; + H* - Na* + H,O + CO; 1

Stage 1
Administration

Stage 2
Hydration and gel formation

calcium carbonate within the tablet contacts
gastric hydrochloric acid, carbon dioxide is
liberated according to the well-known acid-base

reaction:
NaHCOs + HCI — NaCl + H.0 + CO:

The hydrophilic polymer matrix, typically
hypromellose or a combination of cellulose
ethers, hydrates simultaneously and forms a gel
layer that traps the evolving carbon dioxide
within its network. As the gas accumulates, the
apparent density of the swollen matrix falls
below that of gastric fluid and the unit rises to
the surface'*'**. Citric acid or tartaric acid are
sometimes added to ensure adequate gas
generation even when gastric acidity is reduced,
such as in patients receiving proton pump
inhibitors®®. The time taken for the unit to rise to
the surface is termed the floating lag time and is
a critical performance attribute, often required to

be below one minute for clinical acceptance”".

CO, generated in matrix
Effervescent couple: NaHCO3 + acid

O
1 K
@oo ) o°°°

Sustained floating1
< 1.004 g/mL

Bulk density

Stage 3

) Stage 4
CO, generation

Sustained buoyancy

Figure 1. Mechanism of buoyancy in an effervescent floating tablet, showing sequential hydration,

gas generation, gel layer expansion, and sustained floating within the gastric environment.

For non-effervescent hydrodynamically balanced
systems, the mechanism is purely physical. On
exposure to gastric fluid, the hydrocolloid blend
at the surface of the capsule contents hydrates

and swells, producing a hydrated gel layer of low
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specific gravity that surrounds an unhydrated
drug core. The capsule shell dissolves, but the
gel layer holds together and remains buoyant for
several hours, releasing drug by diffusion across

the gel and by gradual erosion®*’. The balance
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between hydration rate, gel strength and erosion
is governed by polymer viscosity grade, polymer
concentration and the presence of fillers such as

lactose or microcrystalline cellulose.

Hollow microspheres rely on a different

mechanism. During preparation by solvent
evaporation, a volatile organic solvent escapes
from the polymer droplet, leaving behind a
hollow internal cavity filled with air or solvent
vapour. The trapped air maintains low overall
density throughout the residence period, and

drug release occurs by diffusion through the

polymer shell or by gradual shell erosion'.

6. Polymers and Excipients Used in
Floating Systems

Polymers serve multiple functions
simultaneously: they form the hydrating gel that
traps evolved carbon dioxide, control drug
release rate by diffusion and erosion, contribute
mucoadhesive properties where required, and
influence the mechanical integrity of the dosage

form during gastric residence®'>*°.

Hypromellose (HPMC) remains the most widely
used hydrophilic matrix former. Grades K4M,
K15M and K100M, with approximate viscosities
of 4,000, 15,000 and 100,000 cP respectively in
2% aqueous solution, are routinely selected for

floating tablets'>*°.

Lower viscosity grades
hydrate more quickly and tend to produce shorter
floating lag times, while higher viscosity grades
sustain release over longer durations because of

slower erosion of the gel layer'*~*.

Carbopol grades, particularly 934P, 940, 971P

and 974P, are weakly acidic crosslinked
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polyacrylic acid polymers used to confer
mucoadhesion and to retard release. They are
commonly combined with HPMC at
concentrations of 5 to 30 percent w/w; higher
Carbopol content increases bioadhesive strength
but can prolong floating lag time because of

slower hydration in acidic media®*'%.

Sodium alginate, a mnatural polysaccharide
extracted from brown algae, plays a central role
in raft-forming systems. In acidic gastric fluid
the sodium form is converted to insoluble alginic
acid, which together with calcium ions released
from calcium carbonate forms a crosslinked gel
raft of low density, an architecture exploited by
antireflux

Liquid Gaviscon and similar

preparations®’.

Other hydrocolloids used as matrix formers
include xanthan gum and guar gum, often in
synergistic blends because their combined
viscosity exceeds that of either individually;
chitosan, a cationic mucoadhesive
polysaccharide useful both as a matrix and as a
coating; and sodium carboxymethylcellulose,
commonly used in hydrodynamically balanced

capsules in combination with HPMC>#!2,

Polyethylene oxide (PEO), particularly the high
molecular weight grade WSR 303, swells rapidly
to form a durable gel layer and has been used
with HPMC and sodium bicarbonate to produce
sustained-release floating tablets of ranitidine
and other acid-labile drugs®. Ethyl cellulose, a
water-insoluble polymer, is the principal matrix
for hollow microspheres because it permits
formation of a stable shell during solvent
evaporation; Eudragit RS, RL and RSPO grades
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serve similar roles for floating microballoons and

provide pH-independent release'”.

Gas-generating  agents  include  sodium
bicarbonate (typically 10 to 30 percent w/w),
calcium carbonate, citric acid and tartaric acid.

The choice and ratio of acid to carbonate

determine the rate and quantity of carbon dioxide
generation; insufficient acid in the formulation
can leave the system reliant on endogenous
gastric acid, which is unreliable in achlorhydric
or treated patients’***°. A summary is given in

Table 1.

Table 1. Common polymers and excipients used in floating drug delivery systems.

Polymer or Principal function Typical Notes
excipient concentration
(% w/w)
HPMC K4M Hydrophilic matrix former, gel- 20-60 Lower viscosity grade,
layer formation shorter lag time
HPMC K100M | Matrix former, prolonged release 20-50 High viscosity grade
Carbopol 934P / | Mucoadhesion, release retardant 5-30 Often combined with
971P / 974P HPMC
Sodium alginate | Raft former, gel-forming polymer | 1-5 (liquids); 10— Crosslinks with Ca?
20 (beads)
Ethyl cellulose Hollow microsphere matrix 30-70 Solvent evaporation
method
Xanthan gum or | Matrix former, viscosity modifier 10-30 Often used as a
guar gum synergistic blend
Chitosan Mucoadhesive matrix or coat 1-20 Cationic polysaccharide

7. Formulation Approaches and
Manufacturing Techniques

Direct compression remains the most widely
used method for single-unit floating tablets. The
active ingredient, hydrophilic polymer (typically
HPMC), gas-generating agent and diluent are
blended and lubricated, then compressed using a
conventional rotary tablet press. Direct
compression is preferred when the polymer and
drug exhibit good flow and compressibility, and
is suitable for drugs sensitive to heat and
moisture'>'*. Tablet hardness is selected to
balance two competing requirements: the unit
must be mechanically sound enough to survive
packaging and handling, but loose enough to

allow rapid hydration and gas entrapment.
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Wet granulation is used when direct compression
is not feasible because of poor flow, low bulk
density or low drug content. A granulating fluid
such as water, ethanol or a hydroalcoholic binder
solution containing polyvinylpyrrolidone is
added to the powder blend; granules are then
dried in a tray or fluid-bed drier, sieved,
lubricated and compressed. Wet granulation must
be applied carefully to formulations containing

sodium bicarbonate to avoid premature reaction

and loss of gas-generating capacity'”.

Melt granulation, in which a low-melting binder
such as polyethylene glycol or stearyl alcohol is
melted onto the powder mass, has been used to
produce floating tablets in which the binder also
serves as a release-modifying excipient’'. Hot-
melt extrusion combines mixing, melting and

shaping in a single continuous process and has
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been employed to manufacture floating pulsatile
systems and to produce filaments for fused

deposition modelling 3D printing*'~*3,

Floating microspheres and microballoons are
typically produced by emulsion solvent diffusion
or solvent evaporation. The polymer (ethyl
cellulose, HPMC, Eudragit RS or a combination)
is dissolved in a volatile organic solvent, often
dichloromethane with ethanol, together with the
drug. The solution is emulsified into an external
aqueous phase containing a surfactant such as
polyvinyl alcohol. As the organic solvent
evaporates or diffuses into the aqueous phase, the
polymer precipitates and a hollow cavity is
formed within each droplet. The resulting
microspheres exhibit densities below 1 g mL™

and float readily on gastric fluid".

Ionotropic gelation is the method of choice for
floating alginate beads. A solution of sodium
alginate containing the drug, and frequently
sodium bicarbonate or calcium carbonate, is
added dropwise into a calcium chloride bath.
Calcium ions crosslink the alginate chains,
forming spherical beads; the entrapped
bicarbonate reacts during the curing step to
evolve carbon dioxide, leaving porous, low-
density beads with inherent buoyancy'®*’. The
method

is mild, aqueous and suitable for

thermolabile and biological drugs.

Lyophilisation has been used to produce porous

floating tablets and orodispersible floating
systems in which the porous architecture, created
by sublimation of ice from frozen aqueous
solutions, contributes intrinsic low density and

rapid hydration®'.
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8. Factors Affecting Performance of
Floating Drug Delivery Systems

The performance of a floating system in vivo is
shaped by both physiological and formulation
variables, and the interaction between them often

determines clinical success.

Physiologically, the most influential factor is the
state of feeding. In the fasted state, gastric
volume is small, gastric acidity is at its lowest
pH and the

migrating motor complex

periodically expels solid contents. Floating

systems administered to fasted patients
consequently exhibit shorter and more variable
Administration with a

residence times”'.

moderately caloric meal increases gastric
volume, raises pH transiently, interrupts the
MMC and prolongs residence to four to ten hours
in most reported studies'""'®. Body posture also
matters:  prolonged residence has been
documented in upright posture, while supine
posture flattens the gastric pool and may allow
the floating unit to drift towards the pylorus’'®.
Age, sex and disease states such as diabetic
gastroparesis, partial gastrectomy, Zollinger-
Ellison syndrome and chronic use of motility-

modifying drugs further alter outcomes'®%.,

Formulation factors are at least as important.
Polymer choice and viscosity grade govern both
buoyancy and release kinetics. Higher viscosity
HPMC grades produce more durable gel layers
and longer release durations but can prolong the
floating lag time; lower viscosity grades hydrate

quickly but may erode rapidly, shortening

12,30

floating duration The concentration and

identity of the gas-generating agent set the
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magnitude and timing of carbon dioxide
evolution. Insufficient gas leaves the dosage
form on the bottom of the stomach, while
excessive gas evolution can rupture the gel
layer'*'*. Density, geometry and surface area of
the dosage form influence both the lag time
before flotation and the integrity of the buoyant
unit; small, dense tablets may struggle to float

regardless of gas evolution”'".

Drug-related factors include solubility (highly
soluble drugs may be released too rapidly to
benefit from prolonged retention), stability in
acidic medium, and the possibility of mucosal
irritation. Inclusion of co-excipients such as
effervescent acids, hydrophobic lubricants and
water-insoluble  fillers  further = modulates
hydration rate, gel strength and release. Optimal
by

the

performance is  achieved matching

formulation characteristics to intended

administration scenario; formulations to be
administered with food can be designed for
longer floating durations and slower release,
while those intended for fasted populations
require attention to

special lag time and

resistance to MMC clearance.

9. In Vitro and In Vivo Evaluation
Parameters

Comprehensive evaluation of a floating dosage
form combines in vitro and in vivo studies to
characterise and

both physical buoyancy

pharmaceutical performance.

9.1 In vitro evaluation

Buoyancy and floating behaviour are usually

assessed in a USP Type II dissolution apparatus
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filled with 0.1 N hydrochloric acid or simulated
gastric fluid at pH 1.2, maintained at 37 + 0.5 °C
and stirred at 50 to 100 rpm'®"*. Two parameters
are recorded. Floating lag time, the interval
between immersion of the dosage form and its
rise to the surface of the medium, is generally
expected to be less than one minute for an
acceptable design®'®. Total floating duration, the
period during which the unit remains buoyant,
should normally be at least eight to twelve hours
to provide a clinically meaningful extension of

gastric residence'**’.

Swelling index, determined by measuring the
weight gain of a tablet at predetermined intervals
after immersion in dissolution medium, provides

insight into hydration rate and gel layer

development. Drug content uniformity is

established by extracting drug from a defined
number of tablets and assaying by a validated
method, typically high-performance liquid
chromatography. Hardness, friability, thickness
and weight variation are evaluated using

pharmacopoeial methods.

In vitro drug release is determined using the

same dissolution apparatus, with aliquots

withdrawn at intervals and analysed for drug
content. Cumulative release curves are then
analysed using a panel of mathematical models
to deduce the dominant release mechanism. The
zero-order and first-order models describe
release that is independent of and proportional to
remaining concentration respectively. The
Higuchi model relates released fraction to the
square root of time and describes diffusion-

The

controlled release from a matrix>*%.
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Korsmeyer-Peppas power-law model, applicable

to fractional release below 60 percent,
distinguishes Fickian diffusion (release exponent
n < 0.45) from anomalous transport and case I
relaxational release (n approaching or exceeding
0.89)***7. Comparison of correlation coefficients
identifies the model that best fits experimental

data.

9.2 In vivo evaluation

In vivo retention is most reliably demonstrated
by imaging. Gamma scintigraphy is the gold
standard, in which a small quantity of a gamma-
emitting radionuclide, typically technetium-99m
as the diethylenetriaminepentaacetic  acid
complex, is incorporated into the dosage form. A
gamma camera then records the position and
integrity of the unit over time in human

volunteers'"*,

X-ray imaging using barium
sulphate as a radio-opaque marker offers a less
expensive alternative, although the radiation

burden restricts its use in large studies’.

Pharmacokinetic studies measure plasma drug
concentrations after oral administration of the
floating system and compare them with an
immediate-release reference. Prolongation of the
mean residence time, attenuation of peak
concentration and extension of the absorption
phase indicate gastric retention with sustained
release™'®. Gastroscopy can directly visualise the
dosage form in the stomach and may be used
selectively,

particularly during early-phase

clinical development’.
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10. Marketed Formulations

Madopar HBS, introduced by Roche, was the
first hydrodynamically balanced system for
clinical use; it combines levodopa with the
peripheral decarboxylase inhibitor benserazide
and provides extended levodopa delivery for
Parkinson’s disease patients prone to motor
fluctuations®. Valrelease, also developed by
Hoffmann-La Roche, employed the same HBS

principle for sustained release of diazepam.

Several effervescent floating tablets are marketed

for indications requiring prolonged gastric
exposure or extended absorption. Cifran OD, a
once-daily ciprofloxacin formulation from
Ranbaxy Laboratories, combines effervescent
floating technology with sustained release and
was developed primarily for urinary tract and
respiratory infections that require sustained
plasma concentrations'®. Conviron, an iron
formulation also originating from Ranbaxy, is
described in review literature as a colloidal gel-

forming floating system'.

For local action in the stomach, alginate-based
raft-forming preparations are the most successful
gastroretentive concept commercially. Liquid
Gaviscon (Reckitt Benckiser) and Topalkan
(Pierre Fabre) provide rapid relief of gastro-
oesophageal reflux by forming a buoyant raft
16,27

over the stomach contents

(Almirall) s

. Almagate Flot-

Coat an antacid suspension

designed for prolonged gastric residence®.

Swelling-based gastroretentive products include
Glumetza, a once-daily metformin formulation,

and Gralise, a gabapentin formulation; both

PUBLISHED BY WISELEAF
SCIENTIFIC VENTURES PVT. LTD.



¢

Journal of Advanced Pharmaceutical Sciences and Natural Products

employ AcuForm polymer technology in which
the tablet swells in the stomach to a size that

resists pyloric passage”*.

11. Recent Advancements

Three-dimensional printing has emerged as a

particularly active area. Fused deposition
modelling, in which thermoplastic filaments
containing drug are extruded layer by layer, has
been used to fabricate floating tablets of
propranolol, dipyridamole and other narrow-
window drugs with tailored geometry and infill
density that permit precise control of buoyancy

32.334041  Qemi-solid extrusion has

and release
produced floating famotidine tablets with porous
internal structures based on hypromellose*’. The
melting solidification printing process has been
used to deliver niclosamide nanocrystals through
3D-printed floating tablets, combining gastric
retention with nanoparticle-mediated solubility
enhancement”. A recent review by Mora-
Castafio and colleagues provides a thorough
these and the

account of developments

challenges of regulatory translation®.

Floating in situ gels for oral delivery have
advanced as well. Liquid formulations of sodium
alginate, gellan gum or pectin combined with
carbonate salts are dosed as solutions or
suspensions and gel rapidly on contact with
gastric acid, yielding a buoyant matrix that
releases drug over several hours. Gastroretentive
in situ gel formulations of metformin
hydrochloride have demonstrated extended in
vivo residence and improved glycaemic control

in preclinical models***.
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Combination strategies have also gained traction.
Personalised 3D-printed mucoadhesive matrices
that combine flotation with bioadhesion to
gastric mucosa have been developed for trospium
chloride in the management of overactive
bladder, illustrating how gastroretention can
extend beyond classical narrow-window drugs*.
Floating pulsatile systems, in which an initial lag
is followed by a programmed burst of release,
have been produced by combining hot-melt

extrusion with fused deposition modelling and

are of interest for chronotherapy'.

Nanoparticle-loaded floating systems represent
another expanding area. Hollow mesoporous
silica nanoparticles loaded with anti-ulcer drugs
and embedded within a sodium alginate raft have
shown enhanced therapeutic effect against
gastric ulcers in animal models*’. Targeted
nanoparticles delivered through gastroretentive
carriers also under

are investigation for

eradication of Helicobacter pylori, where
prolonged local residence at the gastric mucosa

is essential for therapeutic success”®.

Computational and data-driven methods are
beginning to influence formulation development.
Artificial neural networks coupled with visual
imaging have been applied to predict floating
behaviour from tablet attributes, offering a route

to faster screening of candidate formulations*®,

12. Applications and Therapeutic
Relevance

Therapeutic ~ situations that benefit from

prolonged gastric residence fall into three broad

categories. The first comprises drugs with

PUBLISHED BY WISELEAF
SCIENTIFIC VENTURES PVT. LTD.



¢

Journal of Advanced Pharmaceutical Sciences and Natural Products

narrow absorption windows in the upper

gastrointestinal  tract. Levodopa, captopril,
ciprofloxacin, riboflavin and metformin are
absorbed predominantly in the duodenum and
proximal jejunum; floating delivery extends the
period over which these drugs are presented to
the absorptive epithelium, increasing both extent

2,3,29

and consistency of absorption

Antihypertensives such as verapamil and

atenolol fall into the same category”'".

The second category includes drugs acting
locally within the stomach. Triple and quadruple
therapy for

regimens Helicobacter pylori

eradication, combining amoxicillin or
clarithromycin with metronidazole and a proton
pump inhibitor, require sustained luminal
antimicrobial concentrations; floating and raft-
forming formulations have been investigated to
maintain these concentrations beyond the limits

7816 Antacid

of conventional dosage forms
suspensions such as Topalkan and Almagate
Flot-Coat exploit prolonged retention to provide

extended neutralisation of gastric acid®”.

The third category covers acid-stable drugs that
are unstable or poorly absorbed in the intestinal
pH range, such as ranitidine and certain peptides;
gastric release reduces exposure of the molecule
to less favourable downstream conditions®.
Sustained-release floating formulations of poorly
soluble weak bases including itraconazole and
dipyridamole exploit the higher solubility of

these compounds in acidic gastric fluid®*.
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13. Limitations and Challenges

Floating drug delivery is not appropriate for
every drug or every patient. The principal
limitation is the dependence on an adequate
volume of gastric fluid; under fasted conditions
the resting gastric volume is only about 25 mL,
insufficient to

which is support consistent

flotation®?!

. Patients are usually instructed to
take floating dosage forms with a glass of water
and after a meal, which restricts flexibility of
administration and complicates compliance for

patients on multiple medications.

A second limitation concerns drug properties.
Compounds that irritate or damage gastric
mucosa, such as non-steroidal anti-inflammatory
drugs at high local concentrations and certain
cytotoxic agents, are poor candidates because
prolonged gastric residence amplifies local
exposure’. Drugs that are unstable in acidic
medium, undergo extensive degradation in
gastric fluid, or have low solubility in acid
relative to intestinal fluid generally derive no
benefit from gastric retention. Highly soluble
drugs may release too rapidly from a floating
matrix to gain advantage from prolonged

residence.

Patient-related limitations include altered gastric
physiology in disease and at the extremes of age.
Achlorhydria,  atrophic  gastritis,  severe
gastroparesis, partial gastrectomy and Zollinger-
Ellison syndrome can each compromise the
function of effervescent and non-effervescent
systems alike'®??. Concurrent administration of
proton pump inhibitors, antacids or prokinetic

agents further modifies performance.
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Regulatory and bioequivalence challenges
remain considerable. Demonstrating consistent
floating behaviour across patients of different
ages, body habitus and feeding states requires
extensive  clinical ~ pharmacokinetic =~ and
scintigraphic work, and variability in gastric
retention can complicate dose adjustment and

product comparison'®*.

14. Future Perspectives

Several trajectories appear likely to shape the

next phase of gastroretentive research.
Personalised dosage forms produced on demand
by 3D printing offer the prospect of tailoring
buoyancy, drug load and release profile to
individual patient characteristics, including age,

comorbidity and concomitant medication®*°.

Integration of biosensors with gastroretentive
carriers may enable feedback-controlled drug
release. Devices that sense gastric pH,
temperature or biochemical markers and respond
by altering release kinetics could provide
adaptive therapy for conditions such as diabetes,

refractory reflux and inflammatory disease™.

Computational tools, including machine learning
and quantitative structure-property modelling,
are beginning to accelerate formulation
development®*®. Artificial neural networks have
been used to predict floating lag time and release
profile from formulation composition, reducing
the number of experimental batches required for
optimisation. Coupling these approaches with
high-throughput characterisation may shorten

development times substantially.
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Nanotechnology-enabled floating systems are
likely to mature further. Hybrid platforms in
which nanoparticles are embedded within
floating microspheres or raft matrices combine
local gastric residence with intracellular drug
with  particular

delivery, promise  for

Helicobacter pylori eradication and adjunctive

therapy of gastric cancer” %",

15. Conclusion

Floating drug delivery represents one of the most
thoroughly investigated approaches to prolong
the gastric residence of orally administered
medicines. Clinical translation has been most
successful where the therapeutic rationale is
unambiguous: extended absorption of drugs with
windows,

narrow gastrointestinal

upper
prolonged local action of antacids and antireflux
agents, and management of Helicobacter pylori.
Current research is broadening both the
formulation toolkit and the patient populations
that floating delivery might serve. Three-
dimensional printing, floating in situ gels, raft-
forming nanocomposites, hybrid mucoadhesive-
floating constructs and computational
formulation methods all stand to reduce the

empirical effort involved in development.
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