( IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology |
\
IJ A RSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

ISSN: 2581-9429 Volume 5, Issue 2, September 2025 Impact Fa“or 7.67
A Review on Microspheres: Design, Preparation,

Biomedical Applications
Piska Priyanka', Leemol Varghese?, Mende Harika’, Azmeera Jyothi, Pasupula Sri Varsha®

Department of Pharmaceutics'
Sarojini Naidu Vanita Pharmacy Maha Vidyalaya, Secunderabad, India
vargheseleemol@gmail.com

Abstract: The development of innovative therapeutics through advances in biotechnology, genomics, and
combinatorial chemistry has highlighted the critical need for effective drug delivery systems. Among the
various delivery platforms, microspheres have emerged as a promising approach for controlled and
targeted drug delivery. Microspheres are spherical particles ranging from 1 to 1000 um in size, composed
of natural or synthetic polymers, capable of encapsulating a wide range of therapeutic agents. Their ability
to provide sustained and site-specific drug release enhances therapeutic efficacy, reduces dosing
frequency, and minimizes side effects. This review explores the fundamental principles behind the design,
preparation, and evaluation of microspheres as drug carriers. It discusses different types of microspheres
such as bio adhesive, magnetic, floating, and biodegradable polymeric microspheres and highlights
various preparation methods, including solvent evaporation, spray drying, and phase separation.
Furthermore, the article emphasizes the applications of microspheres in enhancing drug stability,
improving bioavailability, and targeting specific tissues or disease sites. With ongoing research and
technological integration, microspheres are anticipated to play a pivotal role in the future of novel drug
delivery systems, particularly in cancer therapy, gene delivery, and tissue engineering.
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I. INTRODUCTION

The development of controlled drug delivery systems (CDDS) has revolutionized the field of therapeutics, addressing
many limitations of conventional drug administration such as fluctuating plasma drug concentrations, frequent dosing,
systemic side effects, and poor patient compliance. These systems are designed to deliver therapeutic agents at a
controlled rate, to a specific site, and for a predetermined period, thereby optimizing efficacy and minimizing adverse
effects.
Among the various platforms for controlled delivery, microspheres have gained substantial attention due to their
versatility, biocompatibility, and ability to encapsulate a wide range of drugs. Microspheres are defined as solid, spherical
particles ranging from 1 to 1000 pm in diameter, although most pharmaceutical applications involve particles below 200
pum. These particles can be composed of natural or synthetic biodegradable polymers, and the drug can be either dissolved,
adsorbed, or uniformly dispersed within the polymeric matrix.
Microspheres offer a unique advantage by serving both as a carrier system and a modulator of drug release, enabling:

e Sustained and controlled release of therapeutic agents

e Targeted delivery, reducing off-target effects

e  Protection of labile drugs from enzymatic or environmental degradation

e Enhanced bioavailability for poorly soluble or short half-life drugs
Several types of microspheres have been developed based on their structural and functional characteristics:

e Floating microspheres for gastro-retentive delivery

e Mucoadhesive microspheres for prolonged mucosal adhesion

e  Magnetic microspheres for site-specific delivery via external magnetic fields
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e Hollow microspheres for reduced density and improved buoyancy
e  Polymeric microspheres, commonly composed of materials like PLGA, polystyrene, and polyethylene, offering
tunable degradation rates and drug release profiles

The oral route remains the most preferred mode of administration due to its non-invasiveness and patient compliance.
However, challenges such as short gastrointestinal transit time and variable absorption necessitate the development of
gastro-retentive systems. Floating microspheres have shown particular promise in enhancing gastric retention, especially
for drugs with narrow absorption windows or pH-dependent solubility.
The history of microsphere development dates to the mid-20th century with early attempts at taste masking and timed-
release coatings. The evolution of microencapsulation technology in the 1960s and the introduction of polymer- based
controlled release systems in the 1980s laid the foundation for modern microsphere-based drug delivery platforms. Recent
innovations focus on improving drug loading efficiency, release kinetics, and targeting capabilities using advanced
polymers and fabrication techniques.
An example of rational design in microsphere development is the use of polylactide-co-glycolide (PLGA) microspheres
for sustained release of SAR 1118, a lymphocyte function-associated antigen-1 antagonist. Through statistical design of
experiments, optimized formulations were achieved with predictable drug release over 1, 3, and 6 months, demonstrating
the potential of microspheres in long-acting drug delivery.
While microspheres offer numerous advantages, they are not without limitations. Challenges such as batch-to-batch
variability, scale-up difficulties, initial burst release, and sensitivity to physiological conditions must be addressed through
rigorous formulation and process optimization.
In this review, we comprehensively discuss the classification, preparation methods, materials, advantages, limitations, and
recent advancements in microsphere-based drug delivery systems, with an emphasis on their role in enhancing therapeutic
outcomes and supporting the future of personalized medicine.

II. MATERIALS USED IN MICROSPHERE FORMULATION
Microspheres are predominantly formulated using polymeric materials, which serve as drug carriers by encapsulating
active pharmaceutical ingredients (APIs) and regulating their release profiles. These polymers may be natural or synthetic,
and further classified based on their biodegradability. The choice of polymer significantly influences microsphere
characteristics such as biocompatibility, degradation rate, drug loading, and release kinetics.

1. Synthetic Polymers
Synthetic polymers are widely used due to their versatility, reproducibility, and good mechanical and chemical properties.
They are categorized as:

a) Non-Biodegradable Polymers
These materials are resistant to enzymatic or hydrolytic degradation in the body and are often used where long-term
structural integrity is needed. However, they may pose concerns regarding biocompatibility and accumulation.

e  Polymethyl methacrylate (PMMA)

e Acrolein

e  Glycidyl methacrylate

e  Epoxy polymers

b) Biodegradable Polymers
These degrade into biologically safe by-products and are preferable for temporary drug delivery systems. Their
degradation can be tailored by modifying the polymer composition or molecular weight.

e Polylactide (PLA)

e Polyglycolide (PGA)

e Poly lactide-co-glycolide (PLGA)
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e  Poly alkyl cyanoacrylates

e  Polyanhydrides
These polymers have been extensively studied and used in microspheres for sustained release formulations and site-
specific drug delivery systems.

2. Natural Polymers
Natural polymers are derived from biological sources and offer excellent biocompatibility and low toxicity. They are
classified based on their origin:

a) Proteins

e Albumin

e  Gelatin

e Collagen
These protein-based carriers are biodegradable and non-immunogenic and have been used for injectable microsphere
formulations.

b) Carbohydrates

e Starch

e  Chitosan

e Agarose

e (Carrageenan
Carbohydrate polymers are hydrophilic, biocompatible, and ideal for controlled drug release, especially in mucoadhesive
and oral delivery systems.

¢) Chemically Modified Carbohydrates
Chemical modifications improve mechanical strength, drug loading capacity, and functionalization potential.
e  Poly(dextran)
e  Poly(starch)
e Diethylaminoethyl (DEAE) cellulose
e Polyacryl derivatives of dextran and starch
These materials are often tailored for improved stability, enhanced targeting ability, and modified release characteristics.

TABLE:
Summary Table: Polymers Used in Microsphere Formulation
Category Sub-type IEXAMPLES
Synthetic Polymers [Non-biodegradable PMMA, Acrolein, Glycidyl methacrylate, Epoxy)|
polymers

Biodegradable IPLA, PGA

Natural Polymers Proteins IAlbumin, Gelatin, Collagen
Carbohydrates Starch, Chitosan, Agarose, Carrageenan
Modified IPoly(dextran), Poly(starch), DEAE- cellulose,
Carbohydrates Poly(acryl), dextran/starch

I11. MICROSPHERES PREPARATION TECHNIQUES: A COMPREHENSIVE REVIEW
Microspheres are promising drug delivery systems capable of providing controlled release, improved bioavailability, and
site-specific targeting of therapeutic agents. The choice of preparation method significantly impacts the physicochemical
properties, encapsulation efficiency, and release profile of the microspheres. This review summarizes the various
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techniques employed in microsphere formulation, emphasizing the influence of formulation variables and polymer-drug
interactions.

1. Emulsion-Based Techniques

Single Emulsion Technique

This method is suitable for encapsulating hydrophilic drugs such as proteins and carbohydrates. Natural polymers are
dissolved in aqueous media, followed by dispersion in a non-aqueous oil phase, forming a water-in-oil (w/0) emulsion.
Cross-linking is achieved either by heat or by chemical agents like glutaraldehyde or formaldehyde. Despite its simplicity,
exposure to heat or chemicals may limit its application with sensitive biomolecules.

Double Emulsion Technique (W/O/W)

Primarily used for water-soluble drugs, peptides, and proteins, this method involves forming a primary w/o emulsion,
which is then emulsified into an external aqueous phase containing stabilizers like polyvinyl alcohol (PVA). The
technique offers good encapsulation efficiency and is widely used for vaccines and peptide-based formulations.

2. Polymerization Techniques

Normal Polymerization

Includes bulk, suspension, and emulsion polymerization:

Bulk polymerization allows pure polymer formation but generates excessive heat, making it unsuitable for thermolabile
drugs.

Suspension polymerization produces microspheres under mild conditions by dispersing monomers in an aqueous phase.
Emulsion polymerization uses an aqueous initiator and results in faster polymerization, suitable for controlled particle
size.

Interfacial Polymerization

This technique forms microspheres at the interface of two immiscible liquids. Depending on polymer solubility,
microspheres may exhibit monolithic or capsular structures. It is beneficial for creating a precise polymer shell around the
core material.

3. Coacervation and Phase Separation

Based on reducing polymer solubility to induce phase separation, this technique is used to encapsulate both hydrophilic
and hydrophobic drugs. Coacervates envelop the drug particles, followed by solidification using non-solvents. The
process is sensitive to parameters like stirring rate and polymer incompatibility. However, toxic solvents or cross- linkers
like glutaraldehyde may pose safety concerns.

4. Spray-Based Techniques

Spray Drying

In this widely used industrial method, the drug-polymer mixture is atomized into a hot air stream, causing rapid solvent
evaporation and microsphere formation. It allows precise control over particle size (1-100 um) and is suitable for both
heat-stable and heat-sensitive compounds. Cyclone separators are employed to recover dry particles, which are further
vacuum-dried. Despite its versatility, high equipment costs and thermal inefficiencies are notable drawbacks.

Spray Congealing

Involves atomizing the drug-polymer melt into a cold medium, resulting in solidification. Commonly used waxes include
beeswax and carnauba wax, ideal for rapid drug release and forming uniform particles at lower costs.
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5. Solvent Evaporation and Extraction

a. Solvent Evaporation

Microspheres are formed by emulsifying a polymer-drug solution in an immiscible continuous phase, followed by solvent
removal via evaporation. This technique is adaptable for both aqueous (o/w) and non-aqueous (w/0) systems. Additives
like magnesium stearate can help prevent agglomeration and improve size uniformity.

b. Solvent Extraction

Microspheres are formed by water-miscible solvents like isopropanol and are extracted into water, promoting polymer
precipitation and microsphere hardening. Faster solvent removal leads to reduced processing time. Extraction efficiency
is influenced by the temperature, solvent—water ratio, and polymer solubility.

6. Thermal and Chemical Cross-Linking

Cross-linking agents like citric acid or glutaraldehyde are used to stabilize microspheres formed via emulsification.
Temperature-controlled cross-linking allows tuning of microsphere rigidity and drug release rates. This method is
particularly applicable for natural polymers such as chitosan, although residual cross-linking agents must be carefully
removed to ensure safety.

7. Wax Coating and Hot-Melt Methods
Polymers with low melting points are melted and combined with drugs, followed by dispersion into a cold immiscible
phase, leading to microsphere formation. These methods are cost-effective and allow rapid drug release, though particle
uniformity depends on mixing conditions.

8. Solution-Enhanced Dispersion

This technique involves rapid solvent diffusion or temperature change to precipitate polymers around the drug core. It is
suitable for forming solid particles from supersaturated solutions under controlled conditions and can encapsulate both
hydrophilic and hydrophobic drugs.

9. Multiple Emulsion and Novel Techniques

Complex emulsion systems like o/w/o or w/o/w are applied to increase encapsulation efficiency, particularly for
hydrophilic drugs. Parameters such as temperature shifts and phase volume ratios are critical in optimizing microsphere
yield and morphology.

Comprehensive Evaluation and Characterization Techniques for Microspheres in Drug Delivery

Microspheres are spherical particles typically ranging in size from 1 to 1000 um, widely used in pharmaceutical
applications for the sustained and controlled release of drugs. Their performance largely depends on their
physicochemical properties, which must be precisely characterized to predict in vivo behavior. The selection of suitable
materials (such as polymers like chitosan) and comprehensive evaluation methodologies is critical in optimizing
microsphere-based drug delivery systems.

IV. PHYSICOCHEMICAL CHARACTERIZATION
Particle Size and Morphology
Light Microscopy (LM) and Scanning Electron Microscopy (SEM) are pivotal in assessing particle size and surface
morphology. LM enables visualization of coating in double-walled microspheres, while SEM provides high-resolution
surface and cross-sectional analysis.

Confocal Fluorescence Microscopy is advantageous in evaluating multi-walled microspheres.
Laser Diffraction and Coulter Counter techniques are also widely applied for quantitative size distribution analysis.
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Surface Chemistry and Composition

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) is utilized to assess the chemical
integrity of the polymer matrix and detect degradation products.

Electron Spectroscopy for Chemical Analysis (ESCA/XPS) provides elemental composition and information about
surface degradation, crucial for biodegradable systems.

Density Determination
Using a multi-volume helium pycnometer, the true density of microspheres can be measured. This involves gas expansion
at constant pressure and calculating volume from pressure drop data.

Isoelectric Point Measurement
The microelectrophoresis method measures particle mobility across a pH range (typically 3—10). The pH at which net
surface charge is zero is considered the isoelectric point, important for predicting aggregation and stability.

Contact Angle (Wettability)
The contact angle at the air/water/solid interface helps determine the hydrophilic or hydrophobic nature of the
microspheres, influencing adhesion and dispersion properties.

Swelling Behavior
Microspheres are immersed in various buffer solutions (e.g., pH 1.2, 4.5, 7.4) at 37°C, and their swelling index is
calculated. Swelling capacity reflects polymer network behavior, important in hydrogel-based systems.

Entrapment Efficiency

Entrapment efficiency (%EE) is a measure of how much drug is incorporated into the microspheres versus the theoretical
amount. Typically, microspheres are dissolved or digested, and drug content is analyzed via UV-VIS spectrophotometry:
{Entrapment Efficiency (%) = {Actual Drug Content} {Theoretical Drug Content}

100

In Vitro Drug Release Studies

Several techniques are employed to study drug release kinetics from microspheres:

Beaker Method: The dosage form is fixed at the base of a beaker and stirred; medium volume and stirring speed vary.
Interface Diffusion System: Comprises compartments simulating oral cavity, membrane, systemic fluids, and protein
binding.

Modified Keshary—Chien Cell: Designed for transmembrane systems, allowing controlled agitation in a defined medium.
Standard USP/BP Dissolution Apparatus: Paddle or basket-type, used under standardized conditions for quality control.

V.IN VIVO EVALUATION TECHNIQUES
Animal Models
Rodent models are often used to study drug absorption through buccal or gastrointestinal mucosa. Surgical modifications
(e.g., esophageal ligation) may be employed to isolate absorption pathways.

Buccal Absorption Test
Originally developed by Beckett and Triggs, this test measures the fraction of drug lost or absorbed in the human oral
cavity. It helps assess the impact of pH, contact time, and drug properties.

In Vitro-In Vivo Correlation (IVIVC)
Developing a correlation between in vitro release and in vivo absorption is vital for predictive modeling and regulatory
approval:
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% Drug Dissolved vs. Peak Plasma Concentration
% Drug Dissolved vs. % Absorbed Dissolution Rate
% Drug Dissolved vs. Absorption Time

% Dissolved vs. Serum or Urine Drug Levels

Linear relationships suggest that dissolution is the rate-limiting step for absorption.

VI. CHITOSAN: A FUNCTIONAL POLYMER IN MICROSPHERE SYSTEMS
Chitosan, a natural cationic polysaccharide, has gained attention due to its biocompatibility, mucoadhesive properties, and
ability to modulate drug release.

Bio adhesivity and Permeation Enhancement
Chitosan enhances mucoadhesion and paracellular transport by opening tight junctions, especially effective for
hydrophilic and peptide drugs.

Stabilizing Agent
Chitosan improves drug stability by forming protective complexes and granules that resist degradation under various
environmental conditions.

Biomedical and Cosmetic Applications
Promotes bone regeneration (e.g., with TGF-f1-loaded granules) Used in wound healing, dental tampons, and periodontal
surgery Acts as a binder and disintegrant in tablet formulations

Role in Cholesterol Reduction
Dietary chitosan exhibits bile acid-binding capacity, reducing serum and hepatic cholesterol without significantly altering
fecal sterol output.

Applications and Recent Advancements in Microsphere Technology
1. General Applications of Microspheres
Microspheres have been adopted in a wide array of industries due to their adaptable chemical composition and size-
controlled formulation. Some noteworthy applications include:
e Assay Development: Microspheres coated with ligands are used in immunoassays and bioanalytical studies for
protein or nucleic acid detection.
e Buoyancy Control: Hollow microspheres made of glass or polymers decrease the density of materials, aiding in
manufacturing lightweight composites.
e Ceramic Engineering: Polyethylene microspheres serve as sacrificial templates in producing porous ceramics
used in filtration.
e Cosmetics: Both opaque and clear microspheres (e.g., polyethylene) are used for wrinkle concealment and to
improve texture and application smoothness.
e Electronic Paper: Functional microspheres are essential in dual-state displays like Gyricon-based electronic
paper.
e Personal Care: Polymeric microspheres are integrated into exfoliating scrubs and skin-care formulations.
e Spacers in Electronics: Glass microspheres maintain consistent spacing in liquid crystal displays (LCDs).
e Calibration Standards: Monodisperse microspheres are used to calibrate particle counters and analytical sieves.
e Retroreflective Coatings: Glass microspheres enhance night visibility on road signs and lane markings.
e Thickening Agents: Microspheres modulate viscosity and density in paints, epoxies, and industrial formulations.
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2. Pharmaceutical and Biomedical Applications

Microspheres in Chemotherapy

Microspheres act as carriers for anti-cancer agents by exploiting the enhanced permeability and retention (EPR) effect in
tumor tissues. Coating with polyethylene glycol (PEG) yields 'stealth' microspheres, which evade clearance by the
reticuloendothelial system (RES), thereby increasing systemic circulation time.

DNA and Gene Delivery
Microspheres provide a protective environment for plasmid DNA and facilitate cellular uptake. Gelatin-DNA
microspheres formed via complex coacervation have demonstrated improved gene transfer efficiency and stability.

Fluorescent Labeling
Fluorescent microspheres, typically made from polystyrene or polyvinyl toluene, are used in imaging and flow cytometry.
They trap fluorophores within polymer pores via swelling and deswelling techniques.

Vaccine Adjuvants

Microspheres enhance antigen presentation by sustained release and improved mucosal adhesion. Studies have shown
increased IgA production and robust immune responses when microspheres are used for oral and parenteral vaccine
delivery.

Ocular Drug Delivery
Biodegradable microspheres made from polymers like poly alkyl cyanoacrylate prolong the intraocular residence time of
drugs such as pilocarpine, thereby enhancing therapeutic efficacy in glaucoma treatment.

Lymphatic Targeting

Microspheres enable localized drug delivery to lymph nodes, which is beneficial for treating metastasis. Polymers like
PLGA and cyanoacrylates are used to encapsulate anticancer agents for peritoneal cavity tumors and lymphatic
diagnostics.

Chitosan-Based Microspheres: Special Applications
Chitosan, a biodegradable and mucoadhesive polysaccharide, is increasingly used in microsphere formulations due to its
unique properties:

Cholesterol-Lowering Effect

Chitosan binds bile acids in the GI tract, thereby reducing serum and hepatic cholesterol levels. Unlike synthetic bile acid
binders (e.g., cholestyramine), chitosan achieves this effect through satiety and reduced food intake rather than enhanced
fecal excretion.

Drug Stability Enhancement
Drugs complexed with chitosan via kneading or granulation methods show improved stability under various
environmental conditions, making them suitable for long-term formulations.

Bone Regeneration and Orthopedics
Chitosan microgranules loaded with growth factors like TGF-B1 exhibit osteoconductive and bone regenerative
properties, enhancing implant integration and fracture healing.

Cosmetics and Dental Applications
Quaternary chitosan derivatives are used in haircare and skin-care formulations for their strengthening and conditioning

effects. In dentistry, chitosan-based dressings support mucosal healing and post-surgical recovery
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Permeation Enhancement
Chitosan’s cationic nature allows it to transiently open tight junctions in epithelial membranes, enhancing the oral
bioavailability of hydrophilic drugs and peptides. This permeation is pH- and concentration-dependent.

Mucoadhesive Excipient
Compared to other natural polymers (e.g., cellulose, starch), chitosan exhibits superior mucoadhesion, enhancing drug
residence time in the GI tract and improving systemic absorption.

Osmotic Pump Agents
Due to its gel-forming and pH-responsive behavior, chitosan is incorporated as an osmotic agent in drug delivery systems,
especially when combined with pH regulators like citric acid.

Bone Grafts and Implants
Chitosan-based composites with high surface area have been used for sustained release of osteogenic factors and for

coating orthopedic implants to promote osseointegration.

Direct Compression Excipient
Chitosan is effective as a tablet binder and disintegrant due to its rapid swelling and gel-forming ability. Its performance
depends on molecular weight, particle size, and degree of deacetylation.

Wound Healing
Films of chitosan acetate enhance wound closure through moisture retention, oxygen permeability, and antimicrobial

activity.

These are used in surgical dressings and skin graft supports.

Specialized Pharmaceutical Applications

Vaccine Delivery: Biodegradable microspheres stabilize and release antigens over time, improving
immunogenicity.

Monoclonal Antibody Targeting: Microspheres conjugated with MAbs enable site-specific drug delivery.
Imaging Agents: Radiolabeled microspheres are used for diagnostic imaging of organs like lungs and liver.
Topical Microsponges: Porous microspheres in creams and lotions control the release of active agents.

Nasal Delivery: Bioadhesive microspheres improve systemic delivery of peptides and hormones (e.g., insulin,
desmopressin).

Oral Delivery: Microspheres protect drugs from degradation in the GI tract and enable delayed release (e.g.,
insulin, glipizide).

Colonic Targeting: pH-sensitive coatings like Eudragit S-100 deliver drugs such as vancomycin to the colon.
Gastro-retentive Systems: Floating microspheres prolong gastric retention, especially for drugs with narrow
absorption windows.

Implantable Devices: Microspheres are incorporated into medical implants for sustained drug release or cell
encapsulation.

Industrial and Non-Pharmaceutical Applications

Copyright to IJARSCT E#&:.IE DOI: 10.48175/IJARSCT-29024
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Carbonless Paper & Photosensitive Coatings: Microencapsulation of ink and dye materials for printing
technology.

Fragrances and Aromas: “Scratch-n-sniff” delivery systems using gelatin-based coacervation techniques.
Thermographic Diagnostics: Temperature-sensitive microspheres for detecting abnormal tissue activity.
Bioreactors: Encapsulated microbial cells improve recombinant protein production and product isolation.
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VII. CONCLUSION

Hollow microspheres offer a promising strategy for enhancing gastric retention and improving the bioavailability of orally
administered drugs. The successful formulation of ethyl cellulose-based ibuprofen microspheres via the solvent
evaporation method demonstrates the potential of this approach in sustained drug delivery. Among the tested
formulations, F3 exhibited the highest drug loading and encapsulation efficiency (70-76.1%), as well as a controlled
release profile with 93% drug release over 8 hours. The microspheres showed uniform particle size distribution (224—
361 um) and spherical morphology with smooth surfaces, as confirmed by microscopy studies. These findings support the
applicability of microspheres not only for prolonged drug release but also as a platform for advanced therapeutic
applications such as targeted delivery, diagnostics, and tissue mimetics in future drug delivery system.
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