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Abstract:
1Bioadhesive microspheres have gained significant attention in recent years due to their potential applications in targeted drug delivery systems. These microspheres offer advantages such as prolonged drug release, site-specific targeting, and improved therapeutic efficacy. This review article provides an overview of the latest advancements in bio adhesive microsphere technology, including fabrication methods, materials used, and their applications in various biomedical fields.1,2
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Introduction:
Bioadhesive microspheres are a class of particulate drug delivery systems designed to adhere to biological surfaces, such as mucosal membranes or tissue surfaces, for targeted and controlled release of therapeutic agents. They offer a promising approach to overcome limitations associated with conventional drug delivery systems by providing sustained drug release, enhanced bioavailability, and localized drug delivery to specific sites within the body.2,3
The unique property of bioadhesive microspheres lies in their ability to adhere to biological surfaces upon administration, thereby prolonging the residence time of the drug at the site of action. This adhesion is typically achieved through interactions between the bioadhesive polymer components of the microspheres and the biological surface, such as hydrogen bonding, electrostatic interactions, or hydrophobic interactions.
These microspheres can be engineered to encapsulate a wide range of drugs, including small molecules, peptides, proteins, and nucleic acids, making them suitable for various therapeutic applications. Additionally, bioadhesive microspheres can be tailored to deliver drugs via different routes of administration, such as oral, nasal, ocular, vaginal, transdermal, or rectal routes, offering versatility in drug delivery strategies.3,4
The development of bioadhesive microspheres has been fueled by advancements in polymer science, formulation techniques, and nanotechnology, leading to the design of novel drug delivery systems with improved efficacy, safety, and patient compliance. Moreover, the biocompatible and biodegradable nature of many polymers used in bioadhesive microsphere formulations contributes to their favourable safety profile and potential for clinical translation.4,5
In this context, bioadhesive microspheres hold great promise for addressing unmet medical needs in various therapeutic areas, including but not limited to, controlled release of analgesics, anti-invectives, anti-inflammatory agents, vaccines, and cancer therapeutics. Furthermore, their ability to target specific sites within the body while minimizing systemic exposure to drugs can potentially reduce side effects and improve patient outcomes.5,6

Advantages of Bioadhesive Microspheres:
1.Targeted Drug Delivery: Bioadhesive microspheres can adhere to specific biological surfaces, allowing for targeted delivery of drugs to desired sites within the body.

 2.Prolonged Drug Release: By adhering  to mucosal or tissue surfaces, bioadhesive microspheres can extend the residence time of drugs, leading to sustained release and prolonged therapeutic effects.

 3.Improved Bioavailability: Enhanced retention and absorption of drugs at the site of action can improve drug bioavailability, reducing the required dosage and minimizing systemic side effects.6,7

4.Site-Specific Drug Delivery: Bioadhesive microspheres enable localized drug delivery to specific anatomical sites, such as the gastrointestinal tract, ocular surface, nasal cavity, or vaginal mucosa, enhancing therapeutic efficacy and minimizing systemic exposure.

5.Versatility in Formulation: Bioadhesive microspheres can encapsulate a wide range of drugs, including hydrophilic and hydrophobic compounds, peptides, proteins, and nucleic acids, making them suitable for diverse therapeutic applications.7,8

6.Patient Compliance: Controlled release formulations provided by bioadhesive microspheres often require less frequent dosing, leading to improved patient compliance and treatment outcomes.

7.Biocompatibility and Biodegradability: Many polymers used in bioadhesive microsphere formulations are biocompatible and biodegradable, minimizing adverse reactions and tissue damage.8,9

Disadvantages of Bioadhesive Microspheres:
1. Formulation Complexity: Developing bioadhesive microspheres requires optimization of formulation parameters, such as polymer selection, drug loading, particle size, and release kinetics, which can be challenging and time-consuming.

2. Variability in Adhesion: Adhesion properties of bioadhesive microspheres may vary depending on factors such as pH, temperature, and mucosal surface characteristics, leading to inconsistent drug delivery and efficacy.9,10


3. Limited Stability: Some bioadhesive polymers may undergo degradation or loss of adhesive properties over time, affecting the stability and performance of microsphere formulations.

4. Risk of Mucosal Irritation: Prolonged contact of bioadhesive microspheres with mucosal surfaces may cause irritation or inflammation, particularly if the formulation contains irritant or toxic excipients.10,11

5. Manufacturing Scale-Up Challenges: Scaling up production of bioadhesive microspheres from laboratory to commercial scale may pose technical and cost challenges, including maintaining batch-to-batch consistency and ensuring product quality and reproducibility.

6. Regulatory Considerations: Regulatory approval for bioadhesive microsphere formulations may require additional safety and efficacy data compared to conventional drug delivery systems, prolonging the development timeline and increasing regulatory hurdles.11,12



Assessment of Bioadhesive Microspheres 
Assessment of bioadhesive microspheres involves evaluating their physical, chemical, biological, and pharmaceutical properties to ensure their suitability for targeted drug delivery applications. Some key aspects of assessment include:
1. Mucoadhesive Properties:
· Adhesion Strength: Assessing the adhesive strength of microspheres to mucosal surfaces using techniques such as tensile testing or rheological measurements.
· Contact Angle: Measuring the contact angle between microspheres and mucosal surfaces to evaluate their wetting and adhesion characteristics.

2. Particle Size and Morphology:
· Particle Size Distribution: Determining the size distribution of microspheres using techniques such as laser diffraction, dynamic light scattering, or microscopy.
· Morphological Analysis: Examining the shape, surface morphology, and internal structure of microspheres using scanning electron microscopy (SEM), transmission electron microscopy (TEM), or atomic force microscopy (AFM).12,13
3. Drug Loading and Encapsulation Efficiency:
· Quantifying the amount of drug loaded into microspheres and calculating encapsulation efficiency using methods such as high-performance liquid chromatography (HPLC) or UV-visible spectroscopy.
· Assessing drug release kinetics under simulated physiological conditions to evaluate release profiles and mechanisms.13,14
4. Biocompatibility and Safety:
· Evaluating the cytotoxicity of microsphere formulations using in vitro cell culture assays, such as MTT assay or LDH release assay.
· Assessing tissue compatibility and inflammatory response following administration of microspheres using animal models and histological analysis.
5. In vitro Release Studies:
· Conducting in vitro release studies to evaluate the release kinetics of drugs from microspheres under physiological conditions, including pH, temperature, and agitation rate.
· Assessing factors influencing drug release, such as polymer composition, crosslinking density, and drug loading.14,15
6. In vivo Pharmacokinetics and Pharmacodynamics:
· Investigating the pharmacokinetic profile of drugs delivered by microspheres in animal models, including absorption, distribution, metabolism, and excretion.
· Assessing pharmacodynamic responses, such as therapeutic efficacy and tissue targeting, following administration of microsphere formulations.
7. Stability Studies:
· Conducting stability studies to assess the physical and chemical stability of microsphere formulations under various storage conditions, including temperature, humidity, and light exposure.
· Monitoring changes in particle size, drug content, and release kinetics over time to ensure product quality and shelf-life stability.15,16
Mechanism of Bioadhesive Microspheres:
The mechanism of action of bioadhesive microspheres involves several interrelated processes that facilitate their adhesion to biological surfaces and controlled release of drugs. The main mechanisms include:

1. Surface Wetting and Contact:
· Upon administration, bioadhesive microspheres come into contact with the biological surface (e.g., mucosal membrane, tissue).
· The surface of the microspheres interacts with the wet mucosal surface, leading to wetting and spreading of the polymer matrix over the mucosal epithelium.16,17

2. Intermolecular Interactions:
· Bioadhesive polymers present on the surface of the microspheres interact with mucins, glycoproteins, and other components of the biological surface through various intermolecular forces.
· These interactions may include hydrogen bonding, electrostatic interactions, van der Waals forces, and hydrophobic interactions, contributing to adhesion and retention of microspheres at the site of application.17,18

3. Mucoadhesion:
· Cohesion refers to the binding of bioadhesive microspheres to mucosal surfaces through specific or nonspecific interactions between polymer chains and mucosal glycoproteins.
· Bioadhesive polymers with functional groups, such as amino, carboxyl, hydroxyl, or thiol groups, can form reversible bonds with mucins and other mucosal components, enhancing mucoadhesion.18,19


4. Swelling and Gel Formation:
· Upon contact with mucosal fluids, bioadhesive microspheres may undergo hydration and swelling, leading to the formation of a gel layer on the mucosal surface.
· Swelling of the polymer matrix increases the contact area and residence time of microspheres on the mucosal surface, further enhancing adhesion and drug release.

5. Controlled Drug Release:
· Bioadhesive microspheres encapsulate drugs within their polymer matrix, which can be released over time through diffusion, erosion, or degradation mechanisms.
· The release kinetics of drugs from microspheres are influenced by factors such as polymer composition, crosslinking density, drug solubility, and environmental conditions.
· The adhesion of microspheres to the mucosal surface helps maintain prolonged contact with the target tissue, facilitating controlled and localized drug release.19,20

Techniques :
1. Emulsification-Solvent Evaporation Method:
   - This method involves dissolving the polymer and drug in a volatile organic solvent to form a homogenous solution.
   - The solution is then emulsified in an aqueous phase containing a surfactant to form droplets.
   - Subsequent evaporation of the solvent leads to the formation of solid microspheres.
   - Variations of this method include solvent diffusion and multiple emulsion techniques for controlled release formulations.20,21
2. Spray Drying:
   - Spray drying involves atomizing a solution or suspension of polymer and drug into fine droplets using a spray nozzle.
   - The droplets are then dried rapidly in a hot air stream, leading to the formation of solid microspheres.
   - This technique is particularly useful for heat-sensitive drugs and allows for precise control over particle size and morphology.21,22


3. Coacervation:
   - Coacervation involves the phase separation of a polymer solution into a coacervate phase and a supernatant phase.
   - The drug is dispersed in the polymer solution, and the addition of a coacervating agent induces phase separation.
   - The coacervate phase, containing the drug, is then solidified to form microspheres.
   - This technique is suitable for encapsulating hydrophilic drugs and offers high encapsulation efficiency.22,23
4. Electrohydrodynamic Techniques:
   - Electrohydrodynamic techniques, such as electro spraying and electrospinning, utilize electric fields to fabricate microspheres.
   - In electro spraying, a polymer solution is forced through a nozzle under the influence of an electric field, leading to the formation of droplets that solidify into microspheres.
   - Electrospinning involves the extrusion of a polymer solution or melt through a spinneret under an electric field, resulting in the formation of nanofibers that can be collected as microspheres.23,24
5. Nanoprecipitation:
   - Nanoprecipitation involves the rapid mixing of a polymer solution with a non-solvent, leading to the precipitation of polymer nanoparticles.
   - By controlling the rate of mixing and polymer concentration, microspheres of desired size and morphology can be obtained.
   - This technique is suitable for encapsulating hydrophobic drugs and allows for the preparation of uniform particles with high drug loading.24,25
6. Microfluidics:
   - Microfluidic techniques involve the manipulation of fluids at the micro scale using micro channels and control systems.
   - Droplet-based microfluidics enable the generation of uniform droplets containing polymer and drug solutions, which can be solidified to form microspheres.
   - This technique offers precise control over particle size, drug loading, and drug release kinetics.25,26


Materials used to prepare Bioadhesive Microspheres:
Various materials are utilized in the preparation of bioadhesive microspheres, each offering unique properties and advantages for drug delivery applications. Some of the commonly used materials include:
1. Natural Polymers:
   - Chitosan: Chitosan is a biocompatible and biodegradable polysaccharide derived from chitin. It possesses mucoadhesive properties due to its positively charged amino groups, making it suitable for mucosal drug delivery applications.26,27
   - Alginate: Alginate is a natural polysaccharide extracted from brown seaweed. It forms hydrogels in the presence of divalent cations, such as calcium ions, and is commonly used for sustained drug release and tissue engineering applications.27,28
   - Gelatin: Gelatin is a protein derived from collagen and is widely used in pharmaceutical formulations due to its biocompatibility and biodegradability. It can form stable microspheres via crosslinking methods and is suitable for encapsulating both hydrophilic and hydrophobic drugs.28,29
2. Synthetic Polymers:
   - Poly(lactic-co-glycolic acid) (PLGA): PLGA is a biodegradable and biocompatible copolymer of lactic acid and glycolic acid. It is commonly used in controlled release formulations due to its tunable degradation kinetics and ability to encapsulate a wide range of drugs.29,30
   - Polyethylene glycol (PEG): PEG is a water-soluble, non-toxic polymer that is often used as a surface modifier or coating material for microspheres to improve their stability and biocompatibility.30,31
   - Polyvinyl alcohol (PVA): PVA is a water-soluble synthetic polymer that is frequently used as a stabilizer or emulsifier in the preparation of bioadhesive microspheres. It can also be used as a coating material to modify the surface properties of microspheres.31,32
3. Hybrid and Composite Materials:
   - Hybrid materials: Hybrid materials are composed of a combination of natural and synthetic polymers to leverage their respective advantages, such as improved mechanical strength, controlled release kinetics, and enhanced mucoadhesive properties.
   - Composite materials: Composite microspheres incorporate additional components, such as nanoparticles or liposomes, to impart specific functionalities, such as targeted drug delivery, stimuli responsiveness, or imaging capabilities.32,33

4. Other Excipients:
   - Plasticizers: Plasticizers are often added to polymer formulations to improve flexibility and mechanical properties of microspheres. Common plasticizers include glycerol, propylene glycol, and sorbitol.
   - Crosslinking agents: Crosslinking agents, such as glutaraldehyde or genipin, are used to stabilize polymer matrices and enhance the structural integrity of microspheres.33,34
Characterization methods:
Characterization of bioadhesive microspheres is essential to assess their physical, chemical, and biological properties, which influence their performance as drug delivery systems. Several characterization methods are commonly employed, including:34,35
1. Particle Size Analysis:
   - Laser diffraction: Laser diffraction measures the intensity of light scattered by particles as they pass through a laser beam, providing information on particle size distribution.
   - Dynamic light scattering (DLS): DLS measures the fluctuations in scattered light caused by Brownian motion of particles, allowing for the determination of hydrodynamic diameter and size distribution in solution.
   - Scanning electron microscopy (SEM): SEM enables the visualization of microsphere morphology and provides information on particle size, shape, and surface morphology at high magnification.35,36
2. Surface Morphology Analysis:
   - Atomic force microscopy (AFM): AFM scans a sharp probe across the surface of microspheres, providing high-resolution topographical images and information on surface roughness and texture.
   - Transmission electron microscopy (TEM): TEM uses electron beams to image thin sections of microspheres, allowing for detailed examination of internal structure and morphology at nanometer resolution.
   - Field emission scanning electron microscopy (FESEM): FESEM provides high-resolution images of microspheres’ surface morphology and structure, allowing for detailed analysis of particle size, shape, and surface features.36,37
3. Drug Loading and Encapsulation Efficiency:
   - High-performance liquid chromatography (HPLC): HPLC is used to quantify the amount of drug loaded in microspheres and assess encapsulation efficiency by comparing the measured drug content with the initially added drug.
   - UV-visible spectroscopy: UV-visible spectroscopy is used to analyze drug release from microspheres by measuring the absorbance of drug solutions at specific wavelengths.
   - Fluorescence spectroscopy: Fluorescence spectroscopy can be employed for drug quantification and release studies using fluorescently labeled drugs.37,38
4. Swelling and Erosion Studies:
   - Swelling studies: Swelling studies assess the ability of microspheres to absorb water and swell in aqueous environments, providing insights into their hydration behavior and swelling kinetics.
   - Erosion studies: Erosion studies evaluate the degradation of microspheres over time, measuring changes in mass, size, and morphology as a function of degradation media, pH, temperature, and other environmental factors.38,39
5. In Vitro and In Vivo Release Kinetics:
   - In vitro release studies: In vitro release studies assess the release kinetics of drugs from microspheres under simulated physiological conditions, such as pH, temperature, and agitation rate, using methods like dialysis, dissolution testing, or Franz diffusion cells.
   - In vivo release studies: In vivo release studies involve administering microspheres to animal models and measuring drug concentrations in blood or tissues over time to evaluate release kinetics, bioavailability, and tissue distribution.39,40
Applications of Bioadhesive Microspheres:
    - Bioadhesive microspheres find a wide range of applications in drug delivery and biomedical fields due to their unique properties, including prolonged residence time at target sites, controlled drug release, and site-specific delivery. Some key applications of bioadhesive microspheres include:
1. Oral Drug Delivery:
   - Bioadhesive microspheres can adhere to the mucosal surfaces of the gastrointestinal tract, providing sustained release of drugs and improved absorption.
   - They are used for the delivery of various therapeutics, including analgesics, anti-infectives, anti-inflammatory agents, and peptides.
2. Ocular Drug Delivery:
   - Microspheres can be formulated into eye drops or ointments for sustained release of drugs to treat ocular diseases, such as glaucoma, macular degeneration, and ocular infections.
   - They improve drug retention on the ocular surface, prolonging the therapeutic effect and reducing the frequency of administration.40,41
3. Nasal Drug Delivery:
   - Bioadhesive microspheres can be administered intranasally to deliver drugs to the nasal mucosa for local or systemic effects.
   - They are used for the treatment of nasal allergies, sinusitis, migraine, and central nervous system disorders by bypassing the blood-brain barrier.
4. Vaginal Drug Delivery:
   - Microspheres are employed for vaginal drug delivery to treat gynecological infections, contraception, hormone replacement therapy, and sexually transmitted diseases.
   - They adhere to the vaginal epithelium, providing sustained release of drugs and minimizing systemic absorption.
5. Transdermal Drug Delivery:
   - Bioadhesive microspheres can be incorporated into transdermal patches or gels to deliver drugs across the skin barrier for systemic or local effects.
   - They enhance drug permeation through the stratum corneum and provide controlled release, reducing the risk of systemic side effects.41,42
6. Targeted Cancer Therapy:
   - Microspheres can be functionalized with targeting ligands, such as antibodies or peptides, to selectively deliver chemotherapeutic agents to tumor tissues while minimizing systemic toxicity.
   - They improve drug accumulation in tumor sites through active targeting mechanisms, enhancing therapeutic efficacy and reducing off-target effects.
7. Vaccine Delivery:
   - Bioadhesive microspheres are used for the delivery of vaccines to mucosal surfaces, such as the oral, nasal, and vaginal routes.
   - They enhance antigen uptake by mucosal-associated lymphoid tissues, inducing mucosal and systemic immune responses for prophylactic or therapeutic vaccination.42,43

Conclusion:
In conclusion, bioadhesive microspheres represent a versatile and promising platform for targeted drug delivery applications across various biomedical fields. Through their unique properties and mechanisms of action, bioadhesive microspheres offer several advantages, including prolonged residence time at target sites, controlled release of drugs, and site-specific delivery. 43,44By adhering to biological surfaces and interacting with mucosal components, these microspheres can enhance drug absorption, improve bioavailability, and minimize systemic side effects. Furthermore, bioadhesive microspheres can be tailored to encapsulate a wide range of drugs and deliver them via different routes of administration, making them suitable for diverse therapeutic applications, such as oral, ocular, nasal, vaginal, transdermal, and targeted cancer therapy. Despite challenges in formulation optimization, manufacturing scale-up, and regulatory considerations, ongoing research and development efforts continue to advance the field of bioadhesive microspheres, driving innovation and expanding their potential in improving patient outcomes and addressing unmet medical needs.Overall, bioadhesive microspheres hold great promise as a targeted drug delivery platform, offering tailored solutions for precise and effective therapeutic interventions in biomedical research and clinical practice.44,45
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