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ABSTRACT: Peptic ulcer disease (PUD) is a widespread gastrointestinal disorder caused by
excessive gastric acid secretion, Helicobacter pylori infection, and prolonged use of nonsteroidal anti-
inflammatory drugs. Although current pharmacological therapies have improved disease management,
conventional drug delivery systems still present major limitations, including poor stability in acidic
environments, rapid degradation, reduced oral bioavailability, and the requirement for frequent dosing.
Rabeprazole is a commonly prescribed proton pump inhibitor that effectively suppresses gastric acid
secretion and facilitates ulcer healing. However, its therapeutic efficiency is significantly compromised
due to its acid-labile nature and short biological half-life. To address these limitations, advanced drug
delivery strategies emphasizing targeted and controlled release have gained increasing attention.
Nanosponges, a novel class of nanoporous, cross-linked polymeric carriers, have emerged as a
promising platform for improving drug delivery performance. Their unique porous architecture enables
efficient encapsulation of Rabeprazole, protecting it from acidic degradation while allowing sustained
and controlled release of the drug over extended periods. Recent studies demonstrate that Rabeprazole-
loaded nanosponges significantly enhance drug stability, improve bioavailability, prolong therapeutic
action, and reduce dosing frequency. Furthermore, their potential for site-specific gastric delivery
minimizes systemic exposure and associated adverse effects. This innovative system represents a
significant advancement in antiulcer therapy. Future research focusing on large-scale production,
clinical validation, and regulatory approval will be essential to fully translate nanosponge-based
delivery systems into effective and reliable clinical applications.
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I. INTRODUCTION

Peptic ulcer disease (PUD) is a common gastrointestinal
disease that involves the occurrence of lesions of gastric or
duodenal mucosa that results because of the disequilibrium
between factors of aggression and the defense system of the
mucosa. This is mainly caused by excessive secretion of the
gastric acid, infection with Helicobacter pylori and long-term
use of nonsteroidal anti-inflammatory drugs (NSAIDs) [1].
These agents interfere with the protective mucosal barrier
causing inflammation and development of ulcers. Otherwise,
PUD may lead to severe complications, including
gastrointestinal bleeding, perforation, and gastric outlet
obstruction, which may cause higher morbidity and health care
burden across the globe [2]. The gastric acid is the key factor
in the pathogenesis of ulcers and is primarily controlled by the
enzyme H/K-ATPase (commonly called proton pump) located
in the parietal cells of the stomach. Blockage of this enzyme is
a proven method of decreasing the secretion of acid and
promoting the healing of the ulcers. Rabeprazole is a proton
pump inhibitor (PPI) that is commonly used, permanently
blocking H+ / K +-ATPase and resulting in long-term gastric
acid secretion. With its quick action and potency, Rabeprazole
has emerged as a major medication in the treatment of PUD
and other acid-peptic diseases [3].

Nevertheless, in spite of its treatment benefits, standard
Rabeprazole preparations have numerous drawbacks. The drug
is very acid-labile, and it quickly decays in the acidic
gastrointestinal environment, which limits bioavailability.
Moreover, its low biological half-life requires that it be dosed
frequently, which can also affect patient compliance. Given
the wvariability in drug absorption and the first-pass
metabolism, there is additional variability in the therapeutic
outcome [4].

Nanotechnology has brought a revolution in drug delivery in
recent years with new systems that are used to prolong drug
stability, targeting and controlled release. Nanosponges have
been one of these promising nanoporous carriers, which are
cross-linked polymeric materials that can be used to
encapsulate both hydrophilic and lipophilic drugs. Their three-
dimensional shape gives them high drug loading capacity,
shields the drug against degradation and can release the drug
in a sustained and site-specific manner. Thus, nanosponge-
based systems of delivery appear to be a new and effective
approach to address the shortcomings of the traditional
Rabeprazole therapy and enhance its treatment effect in the
treatment of antiulcers [5].
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2. Literature Search Methodology

An extensive and methodical literature search was carried out
to obtain the scientific information on the targeted and
controlled delivery of Rabeprazole with the help of
nanosponge-based systems. Several electronic databases such
as PubMed, ScienceDirect, SpringerLink, and Google Scholar
were thoroughly searched so that the published research
articles, reviews, and experimental studies addressing the topic
are widely covered [6].

Specific keywords and combination of these keywords were
used as search strategy to retrieve the most relevant literature.
The main keywords were: Rabeprazole nanosponges, targeted
antiulcer delivery, controlled release proton pump inhibitors,
nanotechnology in drugs delivery and nanosponge drug
delivery system. To narrow down the search and enhance
specificity of the results, Boolean operators like AND and OR
were used. Besides, reference lists of the chosen articles were
sifted manually to find more relevant studies [7].

Peer-reviewed articles describing nanotechnology-based drug
delivery systems, especially nanosponge formulations of
Rabeprazole or other proton pump inhibitors, were included as
the inclusion criteria. In vitro and in vivo experiments that
assessed the behavior of drug release, pharmacokinetics,
therapeutic effect, and formulations formulation were taken
into account to have a wholesome insight on the topic [8].

The exclusion criteria were non-peer-reviewed information,
unpublished reports, conference abstracts without the text, and
studies that lacked adequate methodological information.
Articles that did not address directly nanosponge based
delivery or antiulcer therapy were also filtered out [9].

Data collected were managed, tabulated and classified in a
systematic way to ensure the data could easily be presented,
the findings compared and the emerging trends in nanosponge
based system of delivery of antiulcer drugs could be critically
evaluated [10].

3. Overview of Rabeprazole in Antiulcer Therapy
3.1 Pharmacology

Rabeprazole is a benzimidazole derivative, which is
substituted with the class of proton pump inhibitors (PPIs) that
are widely wused in managing peptic ulcer disease,
gastroesophageal reflux disease (GERD) and other acid related
disorders. It works by inhibiting the H +/K + -ATPase system
of the gastric proton pump commonly found on the secretory
surface of gastric parietal cells selectively and irreversibly. It
is the last step in the secretion of gastric acid, which is
catalyzed by this enzyme, which replaces the intracellular
Hydrogen ion with the extracellular potassium ion [11].

Rabeprazole is a prodrug which is activated in the acidic
environment of the secretory canaliculi of the parietal cells.
After activation, it covalently binds to cysteine residues of the
proton pump resulting in long-lasting inhibition of acid
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secretion (Table 1). This irreversible binding causes a long-
term inhibition of gastric acid production, even after the drug
has come out of the systemic circulation. Rabeprazole also has
a comparatively fast action, which allows faster symptom
relief and higher healing rates in ulcer patients, compared to
other PPIs [12].

3.2 Limitations

Although Rabeprazole has clinical efficacy, there has been a
number of limitations that relate to its performance as a
therapeutic agent. Its acid-labile property is one of the greatest
weaknesses and thus it is very vulnerable to acidic gastric
environment, where it is likely to degrade before reaching its
site of action. Such instability results in decreased drugs
supply and impaired treatment results [13].

Also, the oral bioavailability of Rabeprazole is low and
variable because of the following factors poor stability,
intermittent absorption, and physicochemical characteristics.
First-pass liver metabolism of the drug is also extensive,
mainly through cytochrome P450 enzymes, which causes a
significant decrease in the quantity of active drug in the
systemic circulation. Moreover, it has a low biological half-
life, which means that patients require repeated doses to
sustain effective plasma levels, a feature that could impact
patient compliance and subject them to dose variability [14].

3.3 Need for Advanced Delivery

The constraints relating to traditional Rabeprazole
preparations further highlight the need to develop improved
drug delivery platforms that could increase its stability,
bioavailability, and therapeutic potential. Drug gastric acid
resistance to maintain the pharmacological activity of the
drug, gastric acid resistance is necessary before the drug enters
the target site. Encapsulation methods have the ability to
protect the drug against the extreme factors in the environment
and avoid early degradation [15]. Controlled release systems
also play a crucial role as they enable the drug to be released
steadily over a long period of time to assure stable therapeutic
concentrations and minimize frequent dosing. Not only does
this increase patient compliance but also overall treatment
outcome.

Table 1: Pharmacokinetic and Pharmacological Profile of Rabeprazole

Parameter Description

Drug class Proton pump inhibitor (PPI)
Chemical class Substituted benzimidazole derivative
Mechanism of action Trreversible inhibition of H*/K*-ATPase enzyme
Site of action Gastric parietal cells
Therapeutic use Peptic ulcer disease, GERD, Zollinger—Ellison

syndrome
Dosage form Tablets, delayed-release formulations
Route of Oral
administration
Bioavailability Approximately 50-60% (variable)

Onset of action Rapid onset compared to other PPIs
Half-life ~1-2 hours
Protein binding ~96-97% bound to plasma proteins
Metabolism Hepatic metabolism via CYP450 enzymes
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Moreover, targeted or site-specific delivery to gastric mucosa
can achieve the maximum drug concentration at the site of
action and reduce the systemic exposure and side effects. In
this regard, nanotechnology-driven carriers, especially
nanosponges, provide a viable solution. They are particularly
useful in the delivery of Rabeprazole in the context of
antiulcer therapy because they are unique porous structures,
have high drug loading capacities, and can deliver the drug in
a sustained and targeted release [16, 17].

4. Nanosponges: Structure and Characteristics
4.1 Definition

Nanosponges are a new category of nanostructured drug
delivery systems which are nano-sized, highly porous, three-
dimensional polymeric networks. The formation of these
structures is achieved by cross-linking of polymers, leading to
a sponge-like structure with many internal cavities and
channels that can be used to entrap active pharmaceutical
constituents [18]. Nanosponges have a high probability of
absorbing the drug because they are nanoscale and have a high
surface area, which increases the ability of the nanosponges to
absorb both lipophilic and hydrophilic drugs, thereby
increasing their application in drug delivery methods. Their
most important strengths lie in being able to withstand
environmental degradation of encapsulated drugs, like
hydrolysis, oxidation, or pH-induced instability. Nanosponges
are especially useful in the delivery of acid-labile drugs, such
as Rabeprazole, in that the harsh acidic environment of the
stomach can damage these drugs, whereas nanosponges can
protect them and enhance their effectiveness [19].

4.2 Composition

The main components of nanosponges include biocompatible
polymers and appropriate cross-linking agents which combine
to create a structure of stable and porous network. Ethyl
cellulose, polymethyl methacrylate, and cyclodextrins
(particularly, 8-cyclodextrin), which is a very popular
polymers due to its capacity to form inclusion complexes with
drug molecules and increase solubility, are commonly used
[20].

Diphenyl carbonate, diisocyanates or carbonyldiimidazole are
cross-linkers that are used to bind polymer chains to create a
rigid and stable structure of a nanosponge. The weight of
polymer and cross linker greatly affect the physicochemical
characteristics of the nanosponges, such as the pore size,
surface area, mechanical strength, and the efficiency of the
drug loading. Moreover, the preparation can be performed in
the presence of surfactants and organic solvents that can be
used to guarantee the generations of uniform particles,
enhance dispersion, and stabilize the nanosponge system [21].

4.3 Key Properties

Nanosponges have a number of unique characteristics that
predispose them to be very suitable in the high-tech drug

Shrivastaw and Makhija

delivery. This is because of their porous structure and large
internal surface area which endows them with high drug
loading capacity which enables them to easily encapsulate
therapeutic agents [22].

They allow the constant and slow release of the drug by
controlling the diffusion of drug molecules out of the
nanosponge matrix with time. This will lead to long-term
treatment and decreased frequency of dosing, thus enhancing
patient compliance [23].

Moreover, nanosponges may greatly contribute to drug
stability by preventing the destruction of encapsulated
molecules by various environmental factors e.g. pH,
temperature and enzyme activity. They are a promising and
innovative platform in contemporary pharmaceutical sciences,
especially in targeted antiulcer treatment due to their
biocompatibility, low toxicity, and capability to enhance drug
solubility and bioavailability (Figure 1) [24].

Synthesis and Drug Loading of Nanosponges
- Pore Zoom
olymer Drug
(Cyclodextrin / Ethyl Nanosponge (Rabeprazole)
Ethyl Cellulose) Cross-linker Nanopores /
/\/k/ Cavities
&
W = o o
Polymer
(Cyclodextrin / Mesh / Network Nanosponge Encapsulated Drug-loaded
Ethyl Cellulose) structure drug nanosponge
| Polymer —> Cross-linkihg — Nanosponge formation — Drug loading >

Figure 1: Structure and Formation of Drug-Loaded Nanosponges [25]
5. Preparation Methods of Nanosponges

There are a number of methods that are used to make
nanosponges and each method affects the structure, porosity,
particle size and the drug release profile of the end product.
Selection of the type of preparation is based on the nature of
the polymer, cross linking agent, solvent system and the
physicochemical characteristics of the drug that is to be
incorporated. In case of acid-labile drugs, like Rabeprazole, it
is necessary to choose the suitable method of preparation that
will guarantee against the degradation of the drug in the
stomach as well as the release of the drug in a sustained and
targeted manner [26].

5.1 Solvent Method

One of the most widespread techniques which are used in the
preparation of nanosponges is the solvent method. Here, the
polymer of choice (e.g., ethyl cellulose or cyclodextrin) is
dissolved in the appropriate organic solvent, e.g.,
dichloromethane or dimethylformamide. The polymer solution
is then continued to stir under constant temperature and cross-
linking agent is added to start the cross-linking reaction [27].
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The reagent is left to react over a given time span in order to
guarantee the development of a three-dimensional porous
structure. Once it is completed, the mixture is cooled, and the
formed nanosponges are filtered. The product is completely
washed to eliminate unreacted chemicals and solvents and
dried either under vacuum or controlled temperature. The
technique offers excellent control of pore size, structural
homogeneity and drug loading efficiency [28].

5.2 Ultrasound-Assisted Method

The ultrasound-assisted methodology is a sophisticated
procedure that incorporates the use of ultrasonic energy in
order to improve the development of nanosponges. In this
process, the polymer and cross-linker are in direct contact and
often with little or no solvent, and exposed to ultrasonic
waves. The ultrasonic energy creates cavitation, which causes
highly integrated mixing and effective cross-linking [29].

This technique has a number of benefits such as decreased
reaction time, enhanced uniformity of particle size, and
porosity. It is also found to be more environmentally friendly
because of less solvent that is used. The resulting nanosponges
are purified, filtered and dried to get them further
characterized. The method is especially applicable to the
creation of nanoscale particles that have high drug
encapsulation efficiency [30].

5.3 Emulsion Solvent Diffusion Method

The emulsion solvent diffusion process is popular in the
manufacture of drug-loaded nanosponges having a
homogeneous distribution of particle size. The internal phase,
in this method, is made by dissolving the polymer and drug in
a volatile organic solvent. This stage is gradually added to an
aqueous phase that includes a surfactant or stabilizer and
stirred on continuing basis to create an oil-in-water emulsion.

Upon diffusion of the organic solvent into the aqueous
solution, the polymer precipitates to give nanosponge particles
that entrap the drug. The particles are then centrifuged or
filtered, washed to get rid of excess surfactant and dried. This
is a very useful approach towards high drug loading,
controlled particle size and reproducible formulations [31].

Key Steps in Nanosponge Preparation

e Polymer Selection: The choice of polymer
significantly affects the structural properties, drug
compatibility, and release kinetics of nanosponges.

e Cross-linking: Chemical bonding between polymer
chains creates a stable and porous nanosponge
network. The degree of cross-linking determines pore
size and drug release behavior.

e Drug Loading: The drug can be incorporated either
during nanosponge formation or by post-loading
methods, ensuring efficient encapsulation and
minimal drug loss.
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e Drying and Characterization: The prepared
nanosponges are dried using appropriate techniques
and evaluated for parameters such as particle size,
morphology, surface charge, drug content, and in
vitro release profile [32].

These preparation methods collectively enable the
development of efficient nanosponge-based drug delivery
systems with enhanced stability, controlled release, and
improved therapeutic performance.

6. Mechanism of Controlled and Targeted Drug Release

Nanosponges are highly porous cross-linked polymeric
nanocarriers that are capable of delivering drugs in a
controlled site-specific manner. Several interdependent
processes control their drug release mechanism, ensuring a
long-lasting therapeutic effect and enhanced efficacy of acid-
sensitive medications like Rabeprazole. These processes
increase the stability of drugs, improve release kinetics and
enhance site-of-action localization [33].

6.1 Drug Entrapment within Porous Structure

Encapsulation of drug molecules in the internal cavities of the
porous network is the first step in the nanosponge-mediated
delivery. These nanocavities serve as reservoirs in which drug
molecules are physically adsorbed or form inclusion
complexes or are weakly interacting via van der Waals force
and hydrogen bonding. The large surface area and
interconnected channels of the pores enable high drug loading
and distribution [34].

This entrapment keeps the drug intact before it is lost due to
acidic gastrointestinal tracts, enzymatic actions or other
environmental conditions. With Rabeprazole, which is highly
acid-labile, nanosponge encapsulation is essential to maintain
chemical stability of the drug until it gets to its intended site of
release [35].

6.2 Diffusion-Controlled Release

The diffusion-controlled release of drug through nanosponges
is mainly governed by diffusion. When the nanosponge system
is in contact with the biological fluids, the solvent molecules
enter the porous structure, dissolving the drug contained
within it. The medication subsequently spreads slowly out of
the inner chambers to the outside world over a concentration
gradient [36].

The diffusion rate depends on various factors such as the size
of the pores, the extent of cross-linking, the composition of the
polymer, and the interactions of the drug with the polymer.
Increased level of cross-linking tends to reduce the rate of
release, thus allowing the delivery of the drug to be extended.
This prolonged release system aids in maintaining steady
plasma drug levels, decreases dose rate and enhances
adherence in patients [37].
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6.3 pH-Responsive Behavior

Nanosponges may be designed to be pH-sensitive, thus,
becoming very useful in gastrointestinal drug delivery. The
nanosponge matrix is relatively stable in the highly acidic
environment of the stomach, thus ensuring that the
encapsulated drug is not degraded. When the system is
subjected to a change of pH along the gastrointestinal tract, the
polymer network can either swell, relax or change structure
[38].

This pH-dependent reaction enables the release of drugs in a
controlled manner in particular positions where they will be
better absorbed. In the case of Rabeprazole, this kind of
mechanism helps to ensure that the medicine will not be
destroyed when exposed to acid, and will be released in a
controlled manner, which increases its therapeutic efficacy
[39].

6.4 Enhanced Gastric Retention

Nanosponges also help in increased gastric retention, which is
most advantageous to drugs that are meant to act locally in the
stomach. The mucosal surface attributes and their size (nano)
enable them to interact better with the gastric mucosa and
result in extended retention time in the gastric area.

Such prolonged retention results in sustained and localized
release of drug, which sustains effective drug concentration in
the ulcerative site. Also, the long periods of gastric residence
will allow for a continued inhibition of acid secretion, hence,
enhancing ulcer healing. Increased retention and eventual
controlled release translate to better therapeutic effects and
fewer systemic side effects [40].

In sum, combining a synergistic approach of the nanosponges
as a drug entrapment system, diffusion-controlled release, pH
responsiveness, and extended gastric retention, the
nanosponges will be an effective and novel system of targeted
and controlled drug delivery in the contemporary antiulcer
treatment (Figure 2).

Gastric fluid

Protection from (acidic pH)

acid degradation

Nanosponge (polymeric network)

pH-responsive
swelling/relaxation

Diffusion-controlled
release

Initial — Controlled — Sustained
release

® e Sustained release
° over time
Gastric fluid Rabeprazole @ b

(acidic pH) (entrappped)

Figure 2: Mechanism of Controlled Release of Rabeprazole from
Nanosponges [41]

7. Evaluation and Characterization of Nanosponges

The successful development of nanosponge-based drug
delivery systems requires comprehensive evaluation and
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characterization to ensure their stability, efficiency, and
reproducibility. These parameters are essential for optimizing
formulation performance, particularly for delivering acid-
labile drugs such as Rabeprazole in a controlled and targeted
manner (Table 2) [42].

7.1 Particle Size Analysis

Particle size is a crucial parameter, which determines the drug
loading, release characteristics, stability and bioavailability. It
is usually quantified by either dynamic light scattering (DLS)
or laser diffraction. A smaller particle size gives more surface
area, which increases dissolution and absorption of drugs, and
a consistent distribution of the sizes of particles provides
stability and consistency of the formulation. Polydispersity
index (PDI) is also determined to determine the homogeneity
of nanosponge particles [43].

7.2 Zeta Potential

The Zeta potential is a measure of the surface charge of
nanosponge particles, and a significant measure of colloidal
stability. It is determined by electrophoretic light scattering.
When zeta potential is high (positive or negative) its absolute
value is large; this shows that there is a lot of repulsive
electrostatic force between particles and hence the particles do
not form aggregates, making them more stable during storage
and use. The systems of nanosponge that are stable are those
with a zeta potential of more than + 20 mV [44].

7.3 Drug Entrapment Efficiency

The efficacy of the entrapment is the percentage of drug that
has been incorporated in the nanosponge matrix successfully.
It is identified by centrifugation or filtration of the
unentrapped drug and the formulation and quantitative
analysis with UV-visible spectroscopy or high-performance
liquid chromatography (HPLC). High entrapment efficiency
implies a good loading of the drug and good formulation
design which is essential in the production of a sustained
therapeutic effect [45].

7.4 SEM/TEM Imaging

Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) are used to examine the surface
morphology, shape, and internal structure of nanosponges.
SEM provides detailed images of surface texture and porosity,
while TEM offers insights into internal architecture at higher
resolution. These imaging techniques confirm the formation of
nanosponge structures and help correlate morphology with
drug loading and release characteristics [46].

7.5 In Vitro Drug Release Studies

In vitro drug release studies are conducted to evaluate the
release profile of the drug from nanosponges under simulated
physiological conditions. These studies are typically
performed using dissolution apparatus in appropriate buffer
solutions at controlled pH and temperature. The amount of
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drug released at specific time intervals is measured using
analytical techniques such as UV spectroscopy or HPLC. The
release data help determine the kinetics and mechanism of
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drug release, confirming whether the system provides
sustained and controlled delivery [47].

Table 2: Evaluation Parameters of Rabeprazole Nanosponges [48]

Parameter Method/Technique

Significance

Particle size
Polydispersity Index (PDI)
Zeta potential
Surface morphology
Internal structure
Drug entrapment efficiency
Drug loading capacity
In vitro drug release
Fourier Transform Infrared (FTIR) analysis
Differential Scanning Calorimetry (DSC)
X-ray diffraction (XRD)
Surface area analysis

Dynamic Light Scattering (DLS)
DLS analysis
Electrophoretic light scattering
Scanning Electron Microscopy (SEM)
Transmission Electron Microscopy (TEM)
UV spectroscopy / HPLC
Analytical quantification
Dissolution apparatus
FTIR spectroscopy
Thermal analysis
XRD analysis
BET method

Determines size distribution and influences drug release
Indicates uniformity and homogeneity of particles
Evaluates surface charge and stability of formulation
Assesses shape, surface texture, and porosity
Provides insight into internal architecture
Measures percentage of drug encapsulated
Determines amount of drug per unit carrier
Evaluates release profile and kinetics
Identifies drug—polymer interactions
Determines thermal behavior and compatibility
Assesses crystallinity and amorphous nature
Determines porosity and surface characteristics

8. Therapeutic Advantages in Antiulcer Therapy

Nanosponge-based drug delivery systems have become a
promising methodology to optimize the application of
antiulcer drugs in terms of their therapeutic efficacy by
overcoming the severe shortcomings of traditional
preparations. Their special porous structure, high surface area
and capacity to offer controlled release have an enormous
contribution to the pharmacokinetic and pharmacodynamic
characteristics of the acid-labile compounds like Rabeprazole.
All these benefits lead to improved patient outcomes and
improved management of ulcers [49].

8.1 Protection from Acidic Degradation

The major problems in oral delivery of Rabeprazole are its
instability at acidic gastric environment. Nanosponges are able
to entrap the drug in their internal diameters and provide a
shield against gastric acid. This protection prevents
degradation that occurs too soon and guarantees that the
percentage of drug that is retained to reach the site of action is
higher. This causes a great deal of improvement in drug
stability, resulting in increased therapeutic efficiency [50].

8.2 Sustained Drug Release

Nanosponges facilitate a slow and controlled release of the
drug contained within it during an extended period. Diffusion
and matrix relaxation processes slowly release the drug out of
the nanosponge matrix to ensure constant plasma
concentrations. This long-acting release is especially
advantageous in antiulcer therapy where uninterrupted
inhibition of gastric acid is necessary to promote healing and
prevent ulcer recurrence [51].

8.3 Reduced Dosing Frequency

The sustained release characteristics of nanosponge
formulations reduce the need for frequent drug administration.
Conventional Rabeprazole therapy often requires repeated
dosing due to its short half-life, whereas nanosponge-based
systems can maintain therapeutic levels for longer periods.

This reduction in dosing frequency simplifies treatment
regimens and minimizes the chances of missed doses [52].

8.4 Improved Patient Compliance

Simplified dosing schedules and consistent therapeutic
outcomes contribute to improved patient compliance. Patients
are more likely to adhere to treatment when medication
frequency is reduced and effectiveness is enhanced. Improved
compliance is crucial in chronic conditions like peptic ulcer
disease, as it directly impacts the success of therapy and
reduces the risk of complications or relapse [53].

8.5 Enhanced Therapeutic Efficacy

The integration of protection, sustained release, and targeted
delivery leads to a significant improvement in overall
therapeutic efficacy. Nanosponges enhance the bioavailability
of Rabeprazole by minimizing degradation and improving
drug absorption. Additionally, their ability to localize drug
release in the gastric region ensures higher drug concentration
at the site of action while reducing systemic exposure and side
effects [54].

9. Recent Advances and Research Trends

Recent years have witnessed significant progress in the
development of nanosponge-based drug delivery systems,
driven by the need to enhance the therapeutic efficiency of
acid-labile drugs such as Rabeprazole. Ongoing research
focuses on improving structural design, targeting ability, and
multifunctionality of nanosponges to achieve more precise and
effective antiulcer therapy [55].

9.1 Cyclodextrin-Based Nanosponges

Nanosponges made of cyclodextrin and especially of -
cyclodextrin have received a significant amount of attention
because they have a better capacity to form inclusion
complexes with drug molecules. The nanosponges have a
porous structure of hydrophobic cavities and hydrophilic outer
surfaces and are effective in encapsulating poorly soluble
drugs.
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Cyclodextrin-based nanosponges, in the case of Rabeprazole,
facilitate solubility, acidic degradation resistance and
bioavailability of the drug. They also provide improved
control over kinetics of drug release and have a high level of
biocompatibility and are therefore very suitable in the use of
oral drug delivery [56].

9.2 Hybrid Nanosponge Systems

Hybrid nanosponges are a progressive form of nanosponges
engineering into which nanocarriers or other functional
materials are incorporated to improve their functionality. Such
systems can also include polymers, lipids, or inorganic
nanoparticles to enhance drug loading capacity, stability, and
effectiveness of tracking the target.

Multifunctional properties (pH responsiveness, mucoadhesion
or stimuli-triggered release) can be designed into hybrid
systems. These modifications enable the delivery of the drugs
to be more precisely controlled, and these are especially useful
when complex therapeutic needs in the treatment of antiulcers
are involved [57].

9.3 Targeted Gastric Delivery Systems

One of the specialization areas of research is targeted gastric
delivery, which aims to enhance the concentration of drugs in
the ulceration location. Mucoadhesive properties may be used
to adjust nanosponge systems to increase gastric retention or
particle size and density can be adjusted.

These selective systems guarantee extended retention of time
in the stomach, which enables constant discharge of
Rabeprazole at the point of action. Such localization of
delivery enhances the efficacy of the therapy, minimizes the
side effects systemically and leads to better overall treatment
outcomes [58].

9.4 Combination Therapies

The other trend is the utilization of nanosponge-delivered
combination therapies, where Rabeprazole is co-delivered
with other therapeutic agents like antibiotics (to eradicate
Helicobacter pylori), antioxidants or anti-inflammatory agents.
The strategy allows acting synergistically, considering a
variety of factors that contribute to the pathogenesis of ulcers.

Nanosponges can be loaded with mixtures of various drugs in
order to coordinate and regulate their release and enhance
treatment efficacy and reduce the complexity of dosing. This
approach has massive potential of holistic management of
peptic ulcer disease (Table 3) [59].

10. Limitations and Challenges

Despite the promising potential of nanosponge-based drug
delivery systems in improving the therapeutic performance of
Rabeprazole, several limitations and challenges must be
addressed before their successful translation into clinical and
commercial applications. These challenges primarily relate to
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manufacturing, consistency, regulatory approval, and clinical
validation [61].

Table 3: Recent Studies on Rabeprazole Nanosponges [60]

Study Type Polymer Used Method Key Findings
In vitro study Ethyl cellulose Solvent Sustained drug
method release up to 24
hours
In vitro study B-cyclodextrin Cross-linking Improved
method encapsulation and
stability
In vivo study Cyclodextrin Oral Enhanced
(rats) nanosponges administration bioavailability and
ulcer healing
Formulation Ethyl cellulose Emulsion Uniform particle
study nanosponges solvent size and high
diffusion entrapment
Comparative Conventional vs Dissolution Prolonged release
study nanosponge study compared to

Stability study

Cyclodextrin

Accelerated

standard
Increased resistance

nanosponges testing to acid degradation
Release Polymer-based Dissolution Follows diffusion-
kinetics study nanosponges testing controlled release
Particle size Ethyl cellulose DLS method Nanoscale uniform
analysis system particle distribution
Encapsulation B-cyclodextrin Cross-linking High entrapment
study nanosponges reaction efficiency (>80%)
Hybrid system Polymer-lipid Modified Improved targeting
study nanosponges method and sustained
release
Mucoadhesive Surface- Functionalizat Increased gastric
study modified ion technique retention time
nanosponges
Combination Rabeprazole + Nanosponge Synergistic antiulcer
therapy study antibiotic system effect

10.1 Scale-Up lIssues

The inability to scale up the production of nanosponge
technology to the industrial scale is one of the greatest
challenges of the technology. Various preparation techniques,
including solvent-based techniques or ultrasound-based
techniques, are best suited to small-scale production and might
not readily scale to large-scale production. Such aspects as
particle size control, cross-linking consistency, solvent
removal, and batch consistency are further complicated during
scale-up. Moreover, the challenge of being cost-effective and
efficient in processes and at the same time maintaining quality
of the product is another major challenge to pharmaceutical
industries [62].

10.2 Reproducibility

Reproducibility is an important aspect in the development of
pharmaceutical formulations. The nanosponge properties
(particle size, porosity, and drug loading efficiency) can be
inconsistent due to differences in preparation conditions,
which include polymer-to-cross-linker ratio, temperature,
stirring speed, and solvent system. This variability can lead to
unpredictable profiles of drug release and therapeutic effects.
The standardization of preparation methods is also a critical
requirement to ensure that the regulatory approval and clinical
reliability depend on batch-to-batch consistency [63].
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10.3 Limited Clinical Data

Even though various in vitro and in vivo studies have shown
the efficiency of the nanosponge-based delivery systems, no
clinical evidence has been collected that can substantiate the
popular use of hanosponge-based delivery systems in humans.
All studies are at preclinical phase, and proper clinical trials
should be conducted to determine safety, effectiveness,
pharmacokinetics and outcomes in the long-run. These
promising systems are hard to be translated into approved
therapeutic products without strong clinical evidence [64].

10.4 Regulatory Concerns

Nanotechnology-based drug delivery systems are very
complex in structure and operation and therefore, they are very
difficult to gain regulatory approval. Regulatory guidelines are
not clearly outlined that are specifically designed to be applied
to nanosponge formulations. Problems like the standard of
characterization, toxicity tests, long-term safety, and
environmental effects need to be addressed completely.
Regulatory bodies demand a complete information about
quality, safety, and efficacy which can extend the approval
procedure and raise the costs of development [65].

11. Future Perspectives

The field of nanosponge-based drug delivery is rapidly
evolving and holds significant promise for transforming the
management of peptic ulcer disease. With continued
advancements in nanotechnology, future research is expected
to focus on improving targeting efficiency, enhancing
therapeutic precision, and facilitating clinical translation of
nanosponge systems for drugs such as Rabeprazole [66].

11.1 Targeted Gastric Delivery Systems

Future developments are likely to emphasize the design of
nanosponge systems capable of precise targeting within the
gastric environment. Strategies such as mucoadhesive surface
modification, ligand-mediated targeting, and floating delivery
systems can enhance gastric retention and localization at the
ulcer site. These targeted systems will ensure higher drug
concentration at the site of action, leading to improved
therapeutic efficacy while minimizing systemic exposure and
side effects [67].

11.2 Smart Nanosponges (Stimuli-Responsive Systems)

An innovative type of drug delivery is the development of
smart or stimulus-responsive nanosponges. Such systems may
be designed to react to certain physiological conditions like
pH, temperature, enzymes or redox situations. As an example,
pH-responsive nanosponges can be kept stable in the acidic
gastric environment and discharge the drug when the pH is
changed. These intelligent systems provide accurate control of
drug discharge, allowing on-demand therapy and better
clinical results [68].

Shrivastaw and Makhija
11.3 Clinical Trials for Validation

Although nanosponge-based formulations have shown
promising preclinical outcomes, clinical trials need to be done
on a large scale to confirm the safety, effectiveness and
therapeutic efficacy of the nanosponge-based formulations.
The proposed research needs to be followed by well-designed
randomized clinical studies to assess the pharmacokinetics,
bioavailability, long term safety and patient outcomes. A
crucial step in achieving regulatory acceptance and making
nanosponge systems a reliable treatment choice in the context
of antiulcer will be clinical validation [69].

11.4 Commercial Formulation Development

For successful translation into the pharmaceutical market,
efforts must be directed toward the development of scalable,
cost-effective, and stable nanosponge  formulations.
Optimization of manufacturing processes, quality control
standards, and packaging will be essential for
commercialization.  Collaboration ~ between  academic
researchers, pharmaceutical industries, and regulatory
agencies will play a key role in accelerating product
development and approval [70].

12. Conclusion

Nanosponge-based drug delivery systems represent a
significant advancement in the field of antiulcer therapy,
particularly in improving the therapeutic performance of
Rabeprazole. Their unique porous architecture and ability to
encapsulate drugs effectively address the major limitations
associated with conventional formulations, such as poor
stability in acidic environments and rapid degradation.

By providing controlled and sustained drug release,
nanosponges maintain consistent therapeutic drug levels over
extended periods, reducing the need for frequent dosing. This
not only enhances patient convenience but also improves
overall treatment adherence. Furthermore, their capability for
targeted delivery, especially within the gastric region, ensures
higher drug concentration at the site of action, thereby
increasing therapeutic efficacy while minimizing systemic
exposure. In addition, nanosponge-based systems contribute to
the reduction of side effects by preventing dose fluctuations
and limiting unnecessary drug distribution to non-target
tissues. Their biocompatibility, stability, and versatility make
them an attractive platform for advanced drug delivery
applications.

Overall, nanosponges offer a promising and innovative
approach for optimizing Rabeprazole therapy in peptic ulcer
disease. With continued research, clinical validation, and
advancements in large-scale production, nanosponge-based
formulations have the potential to become a key component in
next-generation antiulcer drug delivery systems, improving
both therapeutic outcomes and patient quality of life.
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