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Helicobacter pylori (H. pylori) is a Gram-negative, microaerophilic bacterium that
colonizes the gastric mucosa and infects nearly half of the global population. Persistent
infection is associated with chronic gastritis, peptic ulcer disease, gastric
adenocarcinoma, and mucosa-associated lymphoid tissue (MALT) lymphoma. Despite
the availability of multiple eradication regimens, treatment success has declined because
of increasing antibiotic resistance, poor patient compliance, inadequate gastric residence
time of conventional dosage forms, and the ability of H. pylori to form protective
biofilms that markedly reduce antibiotic penetration and efficacy [1-4]. Biofilm
formation has emerged as a major contributor to persistent infection and therapeutic
failure. The extracellular polymeric substance (EPS) surrounding bacterial communities
acts as a physical and biochemical barrier, protecting bacteria from antimicrobial agents
and host immune responses. Consequently, there is growing interest in developing drug
delivery systems capable of disrupting biofilms while maintaining prolonged drug
concentrations at the site of infection [5,6]. Gastroretentive drug delivery systems
(GRDDS), particularly floating multiparticulate formulations, have shown considerable
promise in overcoming these challenges by extending gastric residence time, providing
sustained drug release, and improving local antibiotic availability. Incorporation of
natural polymers such as sodium alginate, chitosan, pectin, and hydroxypropyl
methylcellulose (HPMC) further enhances mucoadhesion, controlled drug release, and
biocompatibility. In addition, biofilm-targeting strategies, including the use of
interpenetrating polymer networks (IPNs), nanoparticles, enzyme-responsive carriers,
and biofilm-disrupting excipients, have demonstrated the potential to improve
eradication efficiency while minimizing systemic toxicity [7-10]. This review
summarizes the microbiology and pathogenesis of H. pylori, the role of biofilm

- formation in treatment failure, current therapeutic limitations , recent advances in
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biofilm-targeted gastroretentive drug delivery systems, and
opportunities for developing multifunctional
formulations aimed at improving clinical outcomes.

future

INTRODUCTION

Helicobacter pylori is one of the most common
chronic bacterial pathogens affecting humans,
with an estimated global prevalence of
approximately 50%. The infection
prevalent in developing countries due to poor
sanitation, overcrowding, and limited access to
healthcare. Colonization generally occurs during
childhood and, if untreated, may persist
throughout life, leading to chronic inflammation of
the gastric mucosa [1,2].

1S more

The clinical importance of H. pylori lies in its
strong association with several gastrointestinal
disorders, including chronic gastritis, peptic ulcer
disease, gastric adenocarcinoma, and mucosa-
associated lymphoid tissue lymphoma. Because of
the established relationship between chronic H.
pylori and gastric cancer, the
International Agency for Research on Cancer
(IARC) has classified the bacterium as a Group |
carcinogen [3].

infection

Current eradication strategies mainly depend on
combinations of proton pump inhibitors and
antibiotics such as amoxicillin, clarithromycin,
metronidazole, tetracycline, and levofloxacin.
Although these regimens were initially highly
effective, eradication rates have declined
significantly over the past decade due to increasing
antimicrobial resistance, inadequate patient
adherence, rapid gastric emptying of conventional
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oral dosage forms, and poor penetration of
antibiotics into the gastric mucus layer [4,5].

An additional challenge is the ability of H. pylori
to produce highly organized biofilms on the gastric
epithelium. Biofilms consist of bacterial
communities embedded within an extracellular
substance that limits antibiotic
diffusion, reduces bacterial metabolic activity, and
enhances tolerance to antimicrobial therapy.
Consequently, biofilm-associated bacteria may
survive conventional treatment, resulting in
recurrent infection and treatment failure [6].

polymeric

To overcome these limitations, researchers have
focused on developing gastroretentive drug
delivery systems capable of maintaining
therapeutic drug concentrations within the
stomach for prolonged periods. Floating beads,
mucoadhesive carriers, and other gastroretentive
formulations improve gastric residence time and
provide sustained local drug release, thereby
increasing the probability of complete bacterial
eradication. When combined with biofilm-
targeting approaches such as natural polymers,
interpenetrating polymer networks, nanoparticles,
and biofilm-disrupting agents, these systems offer
a promising strategy for improving treatment
outcomes [7—10].

The present review discusses recent advances in
biofilm-targeted gastroretentive drug delivery
systems for H. pylori eradication, highlighting
current challenges, formulation strategies, and
future perspectives for the development of more
effective localized gastric therapies.

1068 |[Page



Ankush maurya, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 8, 1067-1081 | Review

B. Biofilm Formati

on Gastric M

C. Biofilm-Targeted Gastroretentive

A. Helicobacter pylori Infecti [
and Colonization
0 Oral acgisition
N M. pylori is transmitted
hnda T to the stomach via
contaminated food,
water or close contact.

Urease © Survival in acidic \i ’ ‘J ‘r
f/ . environment R ,&x

[ Urease enzyme hydrolyses
urea into ammonia and
\\ CO,. neutralizing gastric
Urea — NH; + CO, acid and creating a !
favourable niche. l l
© Motility and penetration
through mucus
Flagella help bacteria
‘ f 000EL move through gastric
mucus layer to reach

‘ s 2
epithelial surface. P
|
e = °Adhesionlogashic i > L" = % =
ﬁs v epithelial cells I = -

Adhesins (BabA, SabA
ete.) mediate attachment
to epithelial cell
receptors.

1. Initial 2. Irreversible

attachment adhesion formation

%F © Release of virulence |
R e ® o factors ‘

|

|

EPS matrix acts as a physical

Mature H. pylori biofilm

Stages of Biofilm Development

3. Microcolony

O Leads to persistent infection

/\ Requires higher antibiatic
5/ concentration and prolonged

Drug Delivery System (GRDDS)

Extracellular

polymeric substance s = N\
(EPS) matrix A7 A
gl :
u pylari cells . \ % /
N/
Gl!uic mucus CTRR
P ; s Drug-loaded
Gastric epithelial 1 e floating bead
| f cells e (Alginate-Chitosan
o based)

Mechanism of Action

@ i

Prolonged gastric  Sustained drug

?\g‘ Vg
NS 7 A

4. Biofilm 5. Dispersion

Role of Biofilm in Treatment Failure

maturation Penetrationinto  Biofilm disruption
retention release biofilm matrix and bacterial
= eradication
Facilitates horizontal gene Advantages

transfer and development

of antibiotic resistance, Q Improved eradication rates

€ Reduced dosing frequency

@ Minimized systemic side
effects and improved
patient compliance

@ Prolonged gastric residence
[ time

‘ @ Ssustained high local drug
concentration

and recurrent disease.

@ Enhanced penetration into
biofitm
therapy.

. L -
CC IR CagA, VacA and other . barrier, restricting antibiotic
factors induce A
‘ ‘ cell damage and chronic
infection. 22Z  Bacteria in biofilm shaw
@ ow metabolic activity and
\* -v,,ﬁ @ Disease outcomes persister cell formation.
4 | Chronic gastritis, peptic
‘ st J ulcer, MALT lymghoma @ Im:e’:e: tolerance to antibiotics
! 'v\ ’ and g;mc cancer. an 5timmune responses.
Legend

M Helicobacter pylor! < Biofilm (EPS matrix)

2 @ Antibiotic

@ Drug-loaded floating bead Gastric epithelial cell

[Figure 1 here: Schematic representation of Helicobacter pylori infection, biofilm formation, and
biofilm-targeted gastroretentive drug delivery system.]

Helicobacter pylori: Microbiology,
Pathogenesis, and Biofilm Formation

Helicobacter pylori is a Gram-negative, spiral-
shaped, = microaerophilic ~ bacterium  that
specifically colonizes the gastric mucosal layer of
the human stomach. Since its discovery in 1982, it
has been recognized as one of the most clinically
significant gastrointestinal pathogens because of
its association with chronic gastritis, peptic ulcer
disease, gastric adenocarcinoma, and mucosa-
associated lymphoid tissue (MALT) lymphoma
[1,2]. The bacterium has evolved several adaptive
mechanisms that enable it to survive in the highly
acidic gastric environment, making it capable of
establishing lifelong infection if left untreated [3].

One of the key survival mechanisms of H. pylori
is the production of urease, an enzyme that
hydrolyses urea into ammonia and carbon dioxide.
The released ammonia neutralizes gastric acid
surrounding the bacterium, creating a favourable
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microenvironment for its survival. In addition, the
organism possesses multiple sheathed flagella that
facilitate rapid movement through the gastric
mucus, allowing it to reach the epithelial surface
where the pH is relatively neutral [3,4].

The pathogenicity of H. pylori is mediated by
several virulence factors. The cytotoxin-associated
gene A (CagA) protein is injected into gastric
epithelial cells through a type IV secretion system,
leading to disruption of intracellular signalling
pathways, increased inflammatory cytokine
production, and cellular damage. Another
important virulence determinant is vacuolating
cytotoxin A (VacA), which induces epithelial cell
vacuolation, apoptosis, and immune suppression,
thereby promoting persistent colonization. Surface
adhesins such as BabA and SabA further
strengthen bacterial attachment to gastric
epithelial cells and facilitate long-term infection
[4-6].
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The pathogenesis of H. pylori infection involves a
sequence of well-coordinated events. Following
oral transmission, the bacterium survives gastric
acidity through urease activity, penetrates the
mucus layer using flagellar motility, adheres to
epithelial cells through specific adhesins, and

[ 2. Survival in Stomach 3. Motility and F

4. Adhesi

to

subsequently releases virulence factors that initiate
chronic inflammation. Persistent infection results
injury, which may
eventually develop into peptic ulcer disease,
gastric atrophy, intestinal metaplasia, gastric
adenocarcinoma, or MALT lymphoma [2,5].
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[Figure 2 here: Pathogenesis of Helicobacter pylori infection showing colonization, urease activity,
epithelial adhesion, inflammation, and disease progression.|

2.1 Biofilm Formation by H. pylori

Biofilm formation is now recognized as one of the
major reasons for persistent H. pylori infection and
repeated treatment failure. A biofilm is a
structured microbial community enclosed within a
self-produced extracellular polymeric substance
(EPS) composed primarily of polysaccharides,

proteins, extracellular DNA, lipids, and water.
This matrix anchors bacteria to the gastric mucosa
while providing protection against environmental
stress, antibiotics, and host immune responses
[6,7].
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Biofilm development occurs through several
sequential stages: initial attachment, irreversible
adhesion, formation, biofilm
maturation, and dispersion. During maturation,
bacterial cells become embedded within the EPS
matrix, forming a highly organized three-
dimensional  structure. Mature  biofilms
continuously release planktonic bacteria that
colonize new regions of the stomach, contributing
to recurrent infection [6—8].

microcolony
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[Figure 3 here: Stages of H. pylori biofilm development—from initial attachment to mature biofilm and
dispersion.]

2.2 Role of Biofilms in Antibiotic Resistance

The extracellular polymeric matrix acts as a
physical barrier that limits antibiotic penetration
into the deeper layers of the biofilm. In addition,
bacteria within biofilms exhibit reduced metabolic
activity and may enter a dormant persister-cell
state, making them less susceptible to antibiotics
that target actively dividing cells. Biofilms also
facilitate horizontal gene transfer and enhance the
expression of multidrug efflux pumps, further
increasing antimicrobial resistance [7-9].

As a result, biofilm-associated H. pylori can
tolerate antibiotic concentrations many times
higher than those required to eliminate planktonic
bacteria.  This  significantly reduces the
effectiveness of conventional eradication regimens
and contributes to recurrent infection after
treatment completion [8,9].

2.3 Clinical Significance

Persistent biofilm-associated H. pylori infection
has important clinical implications. It is associated
with chronic gastritis, recurrent peptic ulcer
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disease, prolonged dyspeptic symptoms, failure of
eradication therapy, and an increased risk of
gastric Consequently, recent
pharmaceutical research  has
developing biofilm-targeted gastroretentive drug
delivery systems capable of maintaining
prolonged antibiotic concentrations at the site of
infection while simultaneously disrupting the
protective biofilm matrix [9,10].

cancer.

focused on

Understanding the microbiology, virulence
mechanisms, and biofilm-forming ability of H.
pylori provides the scientific foundation for
designing advanced localized drug delivery

systems. These insights have led to the
development  of  gastroretentive  floating
formulations, = mucoadhesive  carriers, and

multifunctional polymeric systems that aim to
improve bacterial eradication and reduce the
emergence of antimicrobial resistance [10].

3. Conventional Therapy for Helicobacter
pylori Infection and Its Limitations

The primary goal of Helicobacter pylori
eradication therapy is the complete elimination of
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the bacterium from the gastric mucosa, thereby
chronic  gastritis, peptic
recurrence, gastric mucosal atrophy, and gastric
cancer.  Current international  guidelines
recommend eradication therapy for all patients
with confirmed H. Pylori infection because
successful treatment not only relieves symptoms
but also significantly reduces the risk of long-term
gastric complications [11,12]. However, despite
the availability of several treatment regimens,
eradication rates have declined globally due to
increasing antibiotic resistance and the protective
nature of bacterial biofilms [13].

preventing ulcer

The most commonly prescribed first-line regimen
has traditionally been standard triple therapy,
which consists of a proton pump inhibitor (PPI),
amoxicillin, and clarithromycin administered for
10-14 days. Proton pump inhibitors suppress
gastric acid secretion, creating a favourable pH for
antibiotic activity, while amoxicillin inhibits
bacterial cell wall synthesis and clarithromycin
blocks bacterial protein synthesis. Although this
regimen previously achieved eradication rates
exceeding 90%, its effectiveness has declined

substantially in many countries because of
increasing clarithromycin resistance [12,14].

To overcome antimicrobial resistance, bismuth-
based quadruple therapy has become one of the
preferred first-line treatments. This regimen
combines a proton pump inhibitor, bismuth salt,
tetracycline, and metronidazole. Bismuth not only
possesses antibacterial activity but also disrupts
bacterial adhesion and weakens the protective
biofilm matrix, thereby enhancing the efficacy of
antibiotics. Clinical studies have demonstrated
improved with quadruple
therapy, particularly in  regions  where
clarithromycin resistance is common [11,15].

eradication rates

Other treatment strategies include concomitant
therapy, sequential therapy, and levofloxacin-
based rescue therapy, each developed to improve
eradication rates in resistant infections. More
recently, vonoprazan-based therapy, employing a
potassium-competitive acid blocker (P-CAB), has
shown superior acid suppression compared with
conventional proton pump inhibitors, leading to
improved antibiotic stability and enhanced
treatment success in several clinical trials [13,16].

[Table 1 here: Comparison of currently recommended H. Pylori eradication regimens, treatment
duration, and major limitations.]
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and eradication rates with conventional PPls

treatment duration, and major This table

regimens for

pylori i ing their
therapies often fail because of antibiotic resistance,

poor patient compliance, and inadequate gastric drug retention, emphasizing the need for biofilm-targeted gastroretentive drug delivery systems.
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3.1 Limitations of Conventional Therapy

Despite continuous advances in antimicrobial
therapy, several limitations remain responsible for
treatment failure. One of the most important
challenges is the rapid gastric emptying of
conventional oral dosage forms. Since H. Pylori
primarily colonizes the gastric mucus layer,
antibiotics delivered through conventional tablets
or capsules remain in the stomach for only a short
period, resulting in inadequate drug
concentrations at the site of infection [17].

local

Another major limitation is the poor penetration of
antibiotics into the gastric mucus and bacterial
biofilms. The extracellular polymeric substance
surrounding biofilm-associated bacteria acts as a
diffusion barrier that significantly reduces
antibiotic  transport. ~ Furthermore, bacteria
enclosed within biofilms exhibit slower metabolic
activity and may enter dormant states, making
them considerably less susceptible to antibiotics
that target actively dividing cells [8,9].

The worldwide emergence of antibiotic-resistant
strains has become an additional concern.
Resistance to clarithromycin, metronidazole, and
levofloxacin has increased substantially over the
past decade, leading to declining eradication rates
even with combination therapy. Although
resistance to amoxicillin remains relatively low,
multidrug-resistant H. Pylori strains are becoming
increasingly common, emphasizing the need for
alternative therapeutic strategies [12,13].

Patient-related factors also contribute to
therapeutic failure. Conventional eradication
regimens often require multiple drugs
administered several times daily for 10-14 days,
increasing the likelihood of poor adherence.
Adverse effects such as nausea, diarrhoea,
abdominal discomfort, metallic taste, and
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gastrointestinal irritation frequently discourage
patients from completing therapy, further reducing
treatment success and promoting antimicrobial
resistance [15].

In addition, physiological variations including
gastric pH, gastric motility, food intake, mucus
turnover, and interpatient variability in drug
absorption influence the local availability of
antibiotics within the stomach. These factors make
it difficult to effective  drug
concentrations at the site of bacterial colonization
using conventional formulations [17].

maintain

3.2 Need for Biofilm-Targeted Gastroretentive
Drug Delivery Systems

The limitations of existing eradication therapies
have stimulated the development of advanced
gastroretentive drug delivery systems specifically
designed for localized gastric therapy. An ideal
formulation should remain in the stomach for
prolonged periods, adhere to the gastric mucosa,
provide sustained antibiotic release, penetrate
bacterial biofilms, and maintain therapeutic drug
concentrations directly at the site of infection.
Such systems have the potential to improve
bacterial eradication, reduce dosing frequency,
minimize systemic adverse effects, and decrease
the emergence of antimicrobial
[9,10,17].

resistance

Among the various approaches investigated,
floating gastroretentive formulations based on
natural polymers have shown particular promise
because they combine prolonged gastric residence,
controlled drug release, excellent
biocompatibility, and enhanced local drug
delivery. When integrated with biofilm-disrupting
strategies, these systems may represent a more
effective therapeutic platform for the management
of persistent H. Pylori infection.
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A. Limitations of Conventional Therapy for H. pylori Infection B. Rationale for Biofilm-Targeted Gastroretentive Drug Delivery Systems
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[Figure 4 here: Limitations of conventional therapy and the rationale for biofilm-targeted gastroretentive

drug delivery systems.]

Biofilm-Targeted Gastroretentive
Delivery Systems (BT-GRDDS)

Drug

The growing prevalence of antibiotic resistance
and biofilm-mediated persistence has encouraged
the development of advanced drug delivery
systems capable of improving the local treatment
of Helicobacter pylori. Among these, biofilm-
targeted gastroretentive drug delivery systems
(BT-GRDDS) have emerged as a promising
strategy because they combine prolonged gastric
residence with controlled drug release and
enhanced biofilm penetration. Unlike
conventional oral dosage forms, BT-GRDDS are
designed to remain in the stomach for extended
periods, allowing continuous exposure of bacteria
to therapeutic drug concentrations while
minimizing systemic drug loss [17-19].

The fundamental principle of gastroretentive drug
delivery is to increase the residence time of the

\?’a) INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

formulation within the stomach. Prolonged gastric
retention enables sustained drug release directly at
the site of bacterial colonization, thereby
improving local drug concentration, enhancing
antibacterial activity, and reducing dosing
frequency. This approach is particularly beneficial
for antibiotics such as amoxicillin, whose
absorption window and site of action are primarily
located in the upper gastrointestinal tract [18,20].

Several gastroretentive approaches have been
investigated,  including  floating
mucoadhesive expandable

systems,
systems, systems,
swelling systems, and high-density formulations.
Among these technologies, floating drug delivery
systems have demonstrated the greatest potential
for H. pylori eradication because of their ability to
remain buoyant on gastric contents for prolonged
periods  while releasing the
encapsulated drug [19,21].

continuously
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Type of 1. Floating 2. Mucoadhesive 3. Swelling 4. Expandable 5. High-Density
GRDDS (Buoyant) Systems Systems Systems Systems (Non-floating) Systems
Low-density systems that float on Systems that adhere to the Systems that swell in gastric Systems that unfold or Systems with higher density
General gastric fluid and remain buoyant gastric mucosa through fluid and increase in size to expand to a larger size in the than gastric fluid that sink
Principle in the stomach for prolonged mucoadhesive polymers prevent passage through the stomach and are retained and stay in the stomach due
periods. and remain in the stomach. pylorus. until they collapse. to their high density.
Floating system ', Mucoadhesive system Swelling system Expandable system High-density system "
(Stays on gastric fluid) (Adheres to (Swells to large 1 | (Unfoldsfexpands (Sinks and remains
mucosal layer) size] in stomach) in stomach)
Iustration oot )
in Stomach ( /
W\ \
= Generates buoyancy due to low + Mucoadhesive polymers interact + Absorbs gastric fluid and + System undergoes physical + High-density materials cause
density (<1 g/cm?). with mucus glycoproteins. swells. expansion/unfolding. the system to sink.
Mechanism + Remains floating on gastric + Forms strong adhesive bonds + Enlarged size prevents « Expanded size is larger than + Retention due to low mobility
of Retention contents. with gastric mucosa. passage through pylorus. pyloric opening. in the stomach.
@ @ @ ‘ewum "
[ S— Ve 249 : dud @ —»
R I T W w0 e i
aTu‘ | a] o{o] u] w[o]a!ofo]j
v Prolonged gastric residence v Strong adhesion to gastric v Prevents premature gastric +/ Retention independent of v Better retention in patients
time mucosa emptying gastric fluid density with low gastric fluid
Advantages . syjitable for drugs acving in v Effective even in fasted state v Simple and effective ' High retention time V Less affected by food
stomach ’ v Improves bicavailability of + Suitable for variable gastric ' Useful for pulsatile or + Suitable for drugs unstable
' Controlled and sustained poorly absorbed drugs conditions controlled release in acidic pH if coated
drug release
« Floating tablets * Mucoadhesive tablets + Swelling tablets « Expandable tablets * High-density pellets
Examples of « Floating beads * Mucoadhesive beads + Swelling beads + Expandable capsules « Sinker tablets
Approaches / « Effervascent systems + Bioadhesive gels + Superporous hydrogels + Unfoldable systems + High-density beads
Formulations * Raft-forming systems * Microspheres » Hydrogel matrices * Origami systems * Metal-based systems
.1 ‘ g . .y
o I 7 | =2}
" Floating Mucoadhesive Swelling s 729 Expandable High-density Mucus popoy o
Legend: =’ system system system % system system = layer SIBIRIS Gastric epithelium

[Figure 5 here: Classification of Gastroretentive Drug Delivery Systems (Floating, Mucoadhesive,
Swelling, Expandable, and High-density systems).]

4.1 Floating Beads as Gastroretentive Carriers

Floating beads are multiparticulate spherical
systems prepared using biodegradable polymers
that possess a density lower than gastric fluid.
After oral administration, these beads float on the
gastric contents and gradually release the
incorporated drug over several hours. Compared
with single-unit dosage forms, multiparticulate
floating beads provide more uniform distribution
throughout the stomach, reduce the risk of dose

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

dumping, and exhibit better reproducibility of
gastric retention [18,22].

Floating beads are most commonly prepared by
ionotropic gelation, a simple and reproducible
technique in which sodium alginate solution
containing the drug is dropped into a calcium
chloride solution. Calcium ions interact with
alginate chains to form calcium alginate gel beads
through ionic crosslinking. Drug release 1is
subsequently controlled by polymer swelling,
diffusion, and gradual matrix erosion [20,22].
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1. Preparation of k n 5. Curing and
— 2. Drug Incorporation —p 3. Droplet Formatiol - — 4. lonotropic Gelation —>
Sodium Alginate Solution O el thy 1ol o - e . Collection of Beads
Sodium alginate is The drug is added to the The drug-alginate Calcium ions diffuse into the Beads are allowed to cure
dispersed in distilled sodium alginate solution dispersion is added dropwise droplets and crosslink with in calcium chloride solution
water and stirred and mixed thoroughly into calcium chloride alginate chains, forming for a specific time, then
until a clear, uniform to obtain a homogeneous solution through a syringe insoluble calcium alginate separated and washed
solution is obtained. drug—-polymer dispersion. (or peristaltic pump). beads (gelation). with distilled water.
r,T-.»
T ~~ inate chain =
| Syringe gl Y =
3 (Needle e calcium ion
size: 21G)
Sodium
alginate
solution
(wiv) =
L & &
_ | 9 o
Calcium Crosslinking of
chloride | ] alginate with
solution ) Ca’ forms - -
(e.g., 2% wiv) J 9 ‘ calcium alginate b, - o=
) Jy O L beads TN, T
L 90 JJ 3') =S Washing with
) ) ©y distitled water
R N and drying
R ¥a.
/ &
Principle - Process Parameters (Typical)
Sodium alginate farms beads in the presence of divalant cations (Ca™). < s SOd'fm alg'“avw conosotiation: -2 Wiy
Calcium ions interact with guluronic acid blocks of alginate chains, ¢ Calcium chloride concentration: 1-3% w/v
forming an “egg-box" structure that leads to gel formnation, o Droplet size {needle size): 18-23G - - ‘
ya \3"’ ® Stirring speed: 300-600 rpm ¥ < ‘
i Nt o Gelation time: 30-60 min A s
“Egg-box" model of 1 e Curing time: 1-2 h - -“L’.‘,’\;"‘-
caleium alginate gelation ¢ Temperature: Room temperature Beads in CaCly Dried floating
solution Baaeds

Outcome: Spherical, porous calcium alginate beads with low density, capable of floating on gastric fluid and providing sustained drug release.

[Figure 6 here: Preparation of floating beads by ionotropic gelation using sodium alginate and calcium

chloride.]
4.2 Role of Natural Polymers Chitosan, a naturally occurring cationic
polysaccharide, is another important polymer

Natural polymers play a central role in the
development of biofilm-targeted gastroretentive
formulations because of their excellent
biocompatibility, biodegradability, low toxicity,
and regulatory acceptance. These polymers not
only improve drug encapsulation and sustained
release but also enhance mucoadhesion, thereby
increasing contact between the formulation and the
infected gastric mucosa [20,23].

Among the available polymers, sodium alginate is
widely used because of its rapid gel-forming
ability in the presence of calcium ions. Alginate-
based beads exhibit good mechanical strength,
high drug entrapment efficiency, prolonged
floating behaviour, and controlled drug release. In
addition, alginate protects acid-sensitive drugs
from degradation while maintaining prolonged
gastric residence [22,23].
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widely employed in gastroretentive formulations.
Its positive surface charge enables strong
interaction with negatively charged gastric mucus,
resulting in excellent mucoadhesive properties.
Chitosan has also demonstrated intrinsic
antimicrobial activity and the ability to disrupt
bacterial biofilms by altering the integrity of the
extracellular  polymeric making it
particularly valuable for H. pylori therapy [24].

matrix,

Other polymers such as hydroxypropyl
methylcellulose (HPMC), pectin, xanthan gum,
gellan gum, and guar gum are frequently
incorporated either individually or in combination
to optimize swelling behaviour, mechanical
strength,  buoyancy, and drug release
characteristics [21,24].
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[Table 2 here: Common natural polymers used in gastroretentive floating beads and their pharmaceutical
functions.]

Natural Polymer Source

Brown seaweed

Sodium Alginate (Phascphyceae)

Cyamopsis tetragonoloba

Guar Gum (guar bean)

Xanthomonas campestris

Xanthan Gum (bacterial fermentation)

Deacetylation of chitin

Key Characteristics

Hydrophilic, gel-forming,
ionotropic gelation with
calcium ions

Hydrophilic polysaccharide,
high viscosity, swelling in
water

High molecular weight,

viscous, soluble in water,
stable over a wide pH range

Cationic, biodegradable,

Pharmaceutical Functions in
Floating Beads

« Forms gel matrix

Entraps gas to provide buoyancy
« Controls drug release

« Swells and increases viscosity
« Enhances gel strength
* Prolongs gastric retention

« Increases viscosity of gel system
* Improves bead cohesion
« Controls drug release

* Enhances mucoadhesion
« Improves gel integrity
* Slows drug release

« Forms gel in acidic gastric fluid
« Controls drug release
« Supports bead integrity

« Enhances gel strength
« Controls drug release

* Improves bead stability

« Forms strong gel matrix

Examples of Use

Floating beads of
ranitidine, metformin

Floating beads of
ciprofloxacin, propranolol

Floating beads of
levofloxacin, aceclofenac

Floating beads of
theophylline, furosemide

Floating beads of
omeprazole, clarithromycin

Floating beads of
diclofenac, ranitidine

Floating beads of

Ghitosan (shellfish, crustaceans) mucoadhesive
Pect Plant sources (apple, Hydrophilic, gel-forming,
watin citrus peel) pH-sensitive
Red seaweed Sulfated polysaccharide,
Carrageenan (Rhodophyceae) forms strong gels in presence
of cations
Aiar Red algae Gel-forming polysaccharide,
g (Rhodophyceae) thermoreversible gelation
y

Methylcellulose (Natural Refined from cellulose
Grade) (plants)

4.3 Biofilm-Targeting Strategies

Recent pharmaceutical research has focused not
only on prolonging gastric residence but also on
actively disrupting bacterial biofilms. Several
strategies have been investigated to improve
antibiotic penetration through the extracellular
polymeric substance (EPS) and enhance bacterial
eradication [6,25].

These approaches include:

Incorporation of biofilm-disrupting agents such as
N-acetylcysteine (NAC) and EDTA.

Use of mucoadhesive polymers to increase
formulation residence at the site of infection.

Development of nanoparticle-loaded floating
systems for improved mucus penetration.

Utilization of interpenetrating polymer networks
(IPNs) to achieve sustained drug release and
enhanced mechanical stability.

Hydrophilic, non-ionic,
forms gel in water

» Provides sustained release

z glibenclamide, metformin
« Contributes to buoyancy

¢ Increases viscosity
« Sustains drug release
« Improves floating ability

Floating beads of
ibuprofen, pantoprazole

Design of stimuli-responsive carriers capable of
releasing drugs in response to pH or bacterial
enzymes [24-26].

The integration of these technologies enables
simultaneous gastric retention, sustained antibiotic
delivery, biofilm disruption, and improved
therapeutic efficacy, representing a significant
advancement over conventional oral dosage forms.

4.4 Current
Perspectives

Challenges and  Future

Despite encouraging experimental outcomes,
several challenges continue to limit the clinical
translation of biofilm-targeted gastroretentive
systems. Variability in gastric physiology,
manufacturing complexity, long-term stability,
large-scale production, and regulatory approval
remain major obstacles. Furthermore, many
promising formulations have demonstrated
efficacy only in laboratory or animal studies, with
limited clinical evidence available in humans
[21,25].
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Future research should focus on developing
multifunctional drug delivery systems capable of
combining prolonged gastric retention, targeted
biofilm disruption, controlled antibiotic release,
and enhanced patient compliance. Advances in
artificial

nanotechnology, smart polymers,

intelligence-assisted formulation design, and
personalized drug delivery are expected to further
improve the effectiveness of localized H. pylori
therapy while reducing antimicrobial resistance

[25,26].

KEY STRATEGIES

1. Floating (Gastroretentive) Technology 2. Natural Polymers

 Low density systems for prolonged

 Biocompatible, biodegradable
gastric residence (4

and non-toxic

N D
© Buoyancy by gas entrapment or \a Y\ | e Form gel matrix for controlled
low density polymers ) drug release delivery
* Sustained release in gastric / / * Promote mucoadhesion and
environment 2 oW/ enhance stability 2.
[ ° ¢
) o/ Y QA X2
Floating . \ /o G Leo e .
beads Sodium Chitosan Pectin  Xanthan Lipid
alginate gum
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p
INTEGRATED FLOATING BIOFILM-TARGETED SYSTEM
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matrix (floating core) NS0y @ ey Funcriond
7 d"é-', bl - V Floats in gastric
Natural polymer /" g bog s fluid
matrix (gel-forming) L™ Dok _‘R‘ﬁ .
" Q v Prolonged gastric
Nanoparticles f‘ e u i }% retention =
(loaded with drua ———8 [* ] 3 V Controlled drug
and/or biofil e » )
V Penetrates and

disrupts biofilm

(porosity) v Enhances H. pylori

eradication

disruptors) 2 E
i &) Q. ¥ 9
Entrapped gas ———————0 Q9 »«'Q %

P

3. Nanoparticle Integration
o Improve drug solubility and stability
 Facilitate biofilm penetration
« Enable targeted and controlled

Floats and
retains in
stomach
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q . release
N layer

mucus/biofilm

4. Biofilm Disruption Approaches
* Disrupt biofilm matrix and inhibit quorum sensing
* Enhance antibiotic penetration
* Achieve effective eradication of H. pylori
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e H. pylori
4 Disruptor agents

[Figure 7 here: Future strategies for biofilm-targeted gastroretentive drug delivery systems integrating
floating technology, natural polymers, nanoparticles, and biofilm disruption.]

5. Current Advances, Challenges, and Future
Perspectives

Recent advances in pharmaceutical technology
have significantly improved the design of
gastroretentive  drug  delivery for
Helicobacter pylori eradication. Modern research
is no longer limited to extending gastric residence
time; instead, it focuses on developing
multifunctional drug delivery platforms capable of
simultaneously targeting bacterial biofilms,
improving antibiotic penetration, providing
controlled drug release, and enhancing patient
compliance. These innovative approaches are
expected to overcome many of the shortcomings
associated with conventional eradication therapy
[26-28].

systems

One of the most promising developments is the
application of interpenetrating polymer networks
(IPNs). IPNs are formed by physically interlacing

two or more polymer networks without covalent
bonding between them. Such systems exhibit
improved mechanical strength, higher drug
entrapment  efficiency, prolonged floating
behaviour, enhanced mucoadhesion, and sustained
drug release. Polymer combinations such as
sodium alginate—chitosan and alginate-HPMC
have  shown excellent performance in
experimental gastroretentive formulations
intended for localized gastric delivery [27,29].

Nanotechnology has also emerged as an effective
strategy for improving H. pylori treatment.
Polymeric nanoparticles, liposomes,
nanoemulsions, and nanostructured lipid carriers
are capable of penetrating the gastric mucus layer
more efficiently than conventional formulations.
Their small particle size increases surface area,
enhances drug stability, and facilitates sustained
antibiotic release near bacterial colonies. Surface-
modified nanoparticles incorporating
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mucoadhesive polymers further improve gastric
retention and biofilm penetration, resulting in
greater antibacterial activity [28-30].

Another important area of research involves the
incorporation of biofilm-disrupting agents into
gastroretentive formulations. Compounds such as
N-acetylcysteine (NAC), EDTA, DNase I, and
selected enzymes weaken the extracellular
polymeric substance (EPS), thereby improving
antibiotic diffusion into the biofilm. When
combined with sustained-release floating systems,
these agents have demonstrated synergistic effects,
leading to enhanced bacterial eradication in

experimental studies [6,25,30].

Despite these encouraging developments, several
challenges remain before these advanced systems
can be translated into routine clinical practice.
Variability in gastric physiology among patients
may influence floating behaviour, drug release,
and gastric residence time. Manufacturing
complexity, reproducibility of multiparticulate
systems,  long-term  stability, large-scale
production, and regulatory approval also remain
significant barriers. Furthermore, although many
formulations have demonstrated promising in vitro
and animal study results, relatively few have
progressed to well-designed human clinical trials

[21,28,31].

Future research should focus on developing
multifunctional  gastroretentive that
combine prolonged gastric retention, biofilm
disruption, controlled drug release, and targeted
antibiotic delivery within a single formulation.
The integration of artificial intelligence (Al) for
formulation optimization, three-dimensional (3D)
printing technologies,
polymers, and personalized medicine approaches
may further improve treatment outcomes. In

systems

stimuli-responsive

addition, combining gastroretentive drug delivery
with novel antimicrobial agents, probiotics, or

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

anti-virulence  therapies may  offer
opportunities to combat antibiotic-resistant H.
pylori infections while minimizing adverse effects

[29-32].

new

CONCLUSION

Helicobacter pylori infection remains a major
global health challenge because of increasing
antibiotic resistance and the protective role of
bacterial biofilms, which significantly reduce the
effectiveness of conventional eradication
therapies. Biofilm-targeted gastroretentive drug
delivery systems provide a promising solution by
increasing gastric residence time, maintaining
sustained local antibiotic concentrations, and
enhancing penetration into the biofilm matrix.
Among the available approaches, floating bead
formulations based on natural polymers such as
sodium alginate and chitosan have demonstrated
considerable potential due to their
biocompatibility, mucoadhesive properties, and
controlled drug release characteristics. Continued
advances in polymer science, nanotechnology, and
multifunctional delivery systems are expected to
improve the clinical management of H. pylori
infection and contribute to the development of
safer, more effective, and patient-friendly
therapeutic strategies [18,24,29,32].
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