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Mucoadhesive microspheres have emerged as one of the most promising oral controlled
drug delivery systems due to their ability to prolong gastrointestinal residence time,
improve drug bioavailability, and enhance patient compliance. These multiparticulate
systems adhere to the mucosal surface, thereby extending drug absorption and mini-
mizing dosing frequency. Various natural and synthetic polymers, including Carbopol,
Chitosan, Hydroxypropyl Methylcellulose (HPMC), Sodium Alginate, and Eudragit
polymers, have been extensively investigated for the preparation of mucoadhesive mi-
crospheres. Different preparation techniques such as solvent evaporation, ionotropic
gelation, spray drying, and emulsion cross-linking have been successfully employed to
formulate microspheres with desirable physicochemical characteristics. The perfor-
mance of these systems is evaluated through particle size analysis, drug entrapment
efficiency, swelling behavior, mucoadhesive strength, zeta potential, scanning electron
microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), Differential
Scanning Calorimetry (DSC), and in-vitro drug release studies. Mucoadhesive micro-
spheres have been successfully used for antihypertensive, anti-diabetic, antibacterial,
anti-inflammatory, and anticancer medications, according to recent studies. Research on
mucoadhesive microspheres loaded with nifedipine has demonstrated longer therapeutic
efficacy, better entrapment efficiency, and sustained drug release, suggesting their po-
tential for controlled oral drug administration. There are still issues with large-scale
production, reproducibility, regulatory approval, and long-term stability despite
tremendous advancements. Future studies should concentrate on Quality by Design
(QbD), artificial intelligence-based formulation optimization, smart polymers, and
mucoadhesive systems aided by nanotechnology.
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INTRODUCTION

Due to its cost-effectiveness, ease, safety, and patient
compliance, oral medication administration continues
to be the most favored method of drug delivery. How-
ever, due to significant first-pass metabolism, fast gas-
trointestinal transit, enzymatic degradation, and low
water solubility, many medicinal medicines have lim-
ited oral bioavailability. These restrictions lessen the
effectiveness of treatment and frequently necessitate
repeated dosage.

Controlled drug delivery systems have been devel-
oped to overcome these drawbacks by maintaining
therapeutic drug concentrations over prolonged periods
while minimizing fluctuations in plasma drug levels.
Mucoadhesive drug delivery systems, which increase
the residence duration of dosage forms at the absorp-
tion site and promote drug absorption, have garnered
significant interest among the many controlled drug
delivery methods.

The attachment of a medication delivery system to the
mucus layer that covers biological membranes is
known as mucoadhesion. This interaction improves
medication bioavailability and lowers the frequency of
dosage by lengthening the contact duration between the
formulation and the absorption surface. Microspheres
are spherical particles with a diameter that typically
ranges from 1 um to 1000 um. Their tiny particle size
ensures uniform dispersion throughout the gastroin-
testinal system and offers a wide surface area for med-
ication release. These microspheres show longer
stomach retention and sustained drug release when
made with mucoadhesive polymers as Carbopol, Chi-
tosan, Sodium Alginate, Hydroxypropyl Methylcellu-
lose (HPMC), and Eudragit polymers.

Because of its short biological half-life (around 2-4
hours), poor aqueous solubility, and need for sustained
plasma drug concentration, nifedipine has garnered a
lot of attention among the medications being studied
for this strategy. Nifedipine mucoadhesive micro-
spheres are intriguing options for regulated antihyper-
tensive therapy since they have shown improved drug
entrapment, longer drug release, adequate mucoadhe-
sion, and increased formulation stability.
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The formulation processes, polymers, characterisation
methods, therapeutic applications, difficulties, and
prospects for the future of mucoadhesive microspheres
for oral controlled drug administration are all summa-
rized in this review.
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Figure 1: Structure of Nifedipine
Mucoadhesion

The capacity of a material to stick to the mucus layer
that covers biological mucosal tissues for a long time is
known as mucoadhesion. Mucoadhesion is used in
pharmaceutical drug delivery to increase drug
bioavailability, decrease dose frequency, and improve
therapeutic efficacy by extending the residence dura-
tion of dosage forms at the site of absorption..

Water (about 95%), mucin glycoproteins, lipids, elec-
trolytes, enzymes, and cellular debris make up the
majority of the mucus layer. Through hydrogen bond-
ing, electrostatic attraction, van der Waals forces, and
hydrophobic interactions, the glycoprotein network
offers a variety of functional groups that can interact
with polymeric drug delivery systems.

These interactions enable sustained drug release and
enhanced absorption by keeping mucoadhesive drug
delivery devices adhered to the gastrointestinal mucosa
for extended periods of time.

Benefits
Compared to traditional oral dosage forms, mucoad-
hesive drug delivery methods offer a number of thera-
peutic and pharmacological benefits. Among the main
benefits are:

Mucoadhesive Drug Delivery Systems'

* Extended duration of gastrointestinal occupancy.
* Enhanced oral bioavailability.
* Drug release that is maintained and under control.

» Lowering the frequency of dose.
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* A rise in patient adherence.
* Less variation in plasma concentration.

* Drugs with a brief biological half-life are better ab-
sorbed.

* A decrease in negative systemic effects.
* Increased effectiveness of treatment.

Mucoadhesive microspheres are especially useful for
medications like Nifedipine, Metformin,
Ciprofloxacin, Clarithromycin, and other peptide-
based treatments because of these benefits.

Theories of Mucoadhesion

Several theories have been proposed to explain the
mechanism of mucoadhesion.

1. Wetting Theory

This theory states that adhesion depends upon the
ability of the formulation to spread over the mucosal
surface. Better spreading leads to stronger adhesion.

2. Diffusion Theory

According to this theory, polymer chains diffuse into
the mucin network. The greater the degree of inter-
penetration, the stronger the adhesive interaction.

3. Electronic Theory

Electronic transfer occurs between the polymer and
mucus due to differences in electronic structure, creat-
ing an electrical double layer that contributes to adhe-
sion.

4. Adsorption Theory

Secondary chemical interactions such as hydrogen
bonding, van der Waals forces, and hydrophobic inter-
actions are primarily responsible for adhesion.

Factors Affecting Mucoadhesion

The efficiency of mucoadhesion depends upon several
formulation and physiological variables.

Polymer-related factors
e Molecular weight
e Polymer concentration

o Flexibility of polymer chains
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e Degree of cross-linking

e Charge density

e Hydration capacity
Physiological factors

e Mucus turnover rate

e pH of the surrounding environment
¢ Disease condition

¢ Qastrointestinal motility

e Enzymatic degradation
Environmental factors

e Temperature
e [onic strength
e Presence of food

e Residence time in the gastrointestinal tract
Characteristics of an Ideal Mucoadhesive Polymer

An ideal mucoadhesive polymer should possess the
following characteristics:

e Excellent biocompatibility

e Non-toxic and non-irritant

e Biodegradable

e Strong mucoadhesive strength
e High swelling capacity

e Adequate mechanical strength
e Good drug compatibility

e Easy processability

e Stability during storage

e Regulatory acceptability

Classification of Mucoadhesive Polymers

Mucoadhesive polymers can be broadly classified into
natural and synthetic polymers.

Natural Polymers | Synthetic/Semi-synthetic Polymers
Chitosan Carbopol
Sodium Alginate HPMC
Pectin Eudragit RLPO
Xanthan Gum Polycarbophil
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Natural Polymers | Synthetic/Semi-synthetic Polymers

Guar Gum Sodium CMC
Gelatin PVA
TABLE NO:1

Synthetic polymers generally provide better repro-
ducibility and controlled drug release, whereas natural
polymers offer excellent biocompatibility and
biodegradability.

Methods of Preparation of Mucoadhesive Micro-
spheres

Mucoadhasive microsphere of Nifedipine was prepared
by the solvent evaporation of RLPO, Carbopol used as
mucoadhesive with HPMC and for solvent evaporation
light liquid paraffin is used. All the ingredients along
with the drug are dissolved in a slight excess of ethanol.
Using a syringe, the solution was sequentially dropped
into appropriate quantity into light liquid paraffin.
Light liquid paraffin was stirred with a mechanical
stirrer at 1000 rpm at 500C temperature for 45 min. by
filtration. They were washed several times with petro-
leum ether and dried in vacuum oven at ambient tem-
perature for 24 hr. The yield calculated by dividing the
weight of the collected microspheres by the total
weight of the non volatile components use for prepar-
ing the microspheres.

Recent Advances

e Development of Advanced Mucoadhesive Poly-
mers.

e Surface Functionalization of Microspheres.
e Stimuli-Responsive Mucoadhesive Microspheres.

o Integration of Nanotechnology with Mucoadhesive
Microspheres.

e Advanced Manufacturing and Microfluidic Tech-
nologies.

e Improved Drug Loading and Controlled-Release
Strategies.

e Mucoadhesive Microspheres for Targeted Mucosal
Delivery.

e Personalized and Precision Drug Delivery.
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e Combination and Multifunctional Drug Delivery
Systems.

e Improved Evaluation and Translational Ap-

proaches.

o Artificial Intelligence and Data-Driven Formula-
tion Development.

e Translation Toward Scalable and Clinically Rele-
vant Systems.

Comparative Analysis

e Mucoadhesive microspheres have evolved from
conventional polymeric particulate systems into
sophisticated drug delivery platforms designed to
improve mucosal residence time, drug release,
bioavailability, and therapeutic efficacy.

e The performance of these systems is strongly in-
fluenced by the type and properties of the mu-
coadhesive polymer, preparation technique,
particle size, surface characteristics, drug—polymer
interactions, and physicochemical properties of the
incorporated drug.

e Natural polymers such as chitosan, alginate, pectin,
gelatin, hyaluronic acid, and various plant-derived
polysaccharides offer advantages including
biodegradability, biocompatibility, and relatively
low toxicity.

e Chemical modification of polymers has provided
an important advantage over unmodified systems.
Thiolated polymers, for example, can establish
stronger interactions with mucin through disulfide
bonding and may therefore provide prolonged
mucosal retention.

e Compared with conventional oral dosage forms,
mucoadhesive microspheres can increase residence
time at the mucosal surface and provide prolonged
or controlled drug release.

e However, their performance may vary consider-
ably under physiological conditions because mu-
cus is continuously secreted, renewed, and cleared.

e Therefore, high in-vitro mucoadhesive strength
does not necessarily guarantee prolonged in-vivo
residence.
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Research Gaps

e Lack of Standardized Mucoadhesion Testing.

e Poor Correlation Between In-Vitro and In-Vivo
Performance.

e Limited Understanding of the Molecular Mecha-
nism of Mucoadhesion.

e Optimization of Mucoadhesion Versus Mucus
Penetration.

e Limited Long-Term Safety and Toxicological
Data.

e Scale-Up and Manufacturing Challenges.
¢ Insufficient Clinical Translation.

e Limited Application of Advanced Computational
Approaches.

e Need for More Disease-Specific Delivery Systems.

e Limited Investigation of Multifunctional and Hy-
brid Systems.

e Variability of Biological Mucosal Conditions.

e Need for Rational Selection of Polymers and
Functional Groups.

Parameter Convelslsl(::::lecro- Mucoa(:;ﬁi‘:; Micro- Advanced Mucoadhesive Systems
Drug residence time Moderate Increased Prolonged/site-specific
Mucoadhesion Low/absent High Optimized/functionalized
Drug release Sustained Controlled Stimuli-responsive/programmable
Polymers Conventional Mucoadhesive polymers Modified/thiolated/hybrid polymers
Targeting Limited Mucosal targeting Site-specific/multifunctional
Manufacturing Established Moderately complex Microfluidic/advanced manufacturing
In-vivo predictability Variable Limited Still under investigation
Clinical translation Relatively established Limited Emerging

TABLE NO0:1.1
FUTURE PERSPECTIVES

Mucoadhesive microspheres represent a promising
platform for improving drug residence time, controlled
release, mucosal targeting, and therapeutic efficacy.
Future research is expected to move beyond conven-
tional polymeric microspheres toward multifunctional,
precision-engineered, and biologically responsive de-
livery systems.

e Development of Next-Generation Mucoadhesive
Polymers.

e Stimuli-Responsive and Smart Microspheres.
e Integration of Nano—Micro Hybrid Technologies.

e Al- and Machine Learning-Assisted Formulation
Development.

e Personalized and Precision Drug Delivery.
e Advanced Manufacturing Technologies.
e Disease-Specific and Site-Specific Delivery.

e Improved Mucus Models and In-Vitro-In-Vivo
Correlation.
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e Multifunctional Therapeutic Platforms.
e [ong-Term Safety and Clinical Translation.

¢ Quality-by-Design and Regulatory Development.
Overall Future Perspective

The future of mucoadhesive microspheres lies in the
transition from conventional sustained-release carriers
to intelligent, multifunctional, site-specific, and pa-
tient-oriented drug delivery platforms.

CONCLUSION

The objective of this study is to develop, characterize,
and evaluate mucoadhesive microspheres of Nifedipine
employing mucoadhesive polymers for prolonged gas-
trointestinal absorption.

Nifedipine, an effective antihypertensive that requires
controlled release owing to its short biological half-life
of 2.5 hours.

The mucoadhesive microspheres were evaluated by in
vitro and in vivo methods for controlled release.
Nifedipine has a short biological half-life of 2.5 h and
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is eliminated rapidly and its antihypertensive effect
lasts only for few hours.

As such controlled release products are needed for
Nifedipine to prolong its duration of action and to im-
prove patient compliance.

Controlled release products also avoid the vasodilator
related adverse effects such as increase in heart rate,
flushing and palpitation associated with conventional
Nifedipine tablets and capsules The present study was
carried out to develop Mucoadhesive drug delivery
System in the form of microsphere dosage form of
Nifedipine by using Carbopol and RLPO and thereafter
formulating the formulation.

From the study it is observed that formulation act as
prolonged dosage form.

As the stirring speed increased the size of microsphere
decreases and increases the released rate drug. The
prepared microsphere of Nifedipine also gave good
Micrometrics result, percent yield, drug entrapment
and in- vitro release.

In dissolution study of all formulations it was observed
that change in process variables during the formulation
of microspheres like.
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