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Abstract: As scientific research and industrial processes have advanced, there has been a growing demand for environmentally
friendly alternatives. According to current trends, the most promising option for artificial microcapsule systems is biodegradable
polymers. Among the qualities that biodegradable systems in microencapsulation can offer for a wide range of applications are
safety, efficiency, biocompatibility, and biodegradability. Most biodegradable polymers have been employed as microparticles,
which allow the integrated medication to be released into the environment in a regulated way. The physicochemical characteristics
of drugs, the rate at which polymers degrade, and the shape and size of microparticles are the factors that regulate the rate at
which drugs release their effects. For controlled, delayed, and sustained release, biodegradable polymeric matrices have been
created. This article provides an overview of various polymers, specifically biodegradable polymers, that have the potential to be
used in the synthesis of microcapsules. The first topic covered is natural polymers, which are broken down into two groups:
protein polymers (gelatin) and polysaccharide-based polymers(cellulose, starch, chitosan, and alginate). The second section
discusses synthetic polymers, with biodegradable polymers like polyesters and polyamides among others given as examples. This
review provides an overview of each polymet's history, pertinent characteristics, uses, and examples from the literature pettaining
to its application in biodegradable microencapsulation systems.
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1. Introduction

Microencapsulation is a technology that is developing quickly. It involves applying comparatively thin coatings to tiny solid particles,
liquid droplets, and dispersions. Microencapsulation is a useful technique for controlling the release characteristics or availability of
coated materials, protecting the environment, changing colloidal and surface properties, and turning liquids into solids.
Fundamentally, developmentally, and commercially, microencapsulation is gaining a lot of attention. A spherical particle that ranges
in size from 50 nm to 2 mm and contains a core substance is referred to as a microcapsule. Strictly speaking, microspheres are
spherically shaped, empty particles[1]. Nonetheless, there is a common confusion between the term’s microsphere and microcapsule.
The microspheres are characterized by their free-flowing powder form and are made of synthetic polymers or proteins that are
biodegradable, with a preferred particle size of less than 200pm. Drug release that is regulated may be possible with solid
biodegradable microcapsules that contain a drug that has been dissolved or distributed throughout the particle matrix [2]. Their
prolonged release and ability to direct the anticancer medication toward the tumor attracted a lot of attention. Pharmaceutical
companies that produce microencapsulated drugs have obtained multiple patents during the past 25 years [3].

Monomers, which are repeating structural units, make up polymers, which atre large molecules. These macromolecules are crucial in
many different fields because they can have a broad vatiety of sizes, structures, and characteristics. Polymers have seen numerous
advancements in both their biodegradability and synthesis over the years [4]. These materials have drawn interest from researchers
all over the world conducting therapeutic administration research, specifically focusing on drug administration and biomedical field
applications. Nevertheless, the non-biodegradability of certain polymers has led to numerous issues [5]. Some non-biodegradable
polymers have a number of drawbacks, including their high toxicity. Biodegradable polymers have emerged as a result of numerous
researchers trying to find a solution to this drawback [6]. There are biodegradable polymeric matrices available for controlled,
delayed, and sustained release.
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Figure 1 Types of technology of microencapsulation.

Microorganisms like bacteria, fungi, and enzymes naturally break down organic materials into simpler compounds, a process known
as biodegradation. Reusing organic matter and preserving ecological balance are greatly aided by this process. Certain polymers are
classified as biodegradable polymers because they are made to break down under the influence of microorganisms, forming simpler
compounds like carbon dioxide, water, and biomass in the process. In addition to their advantages over conventional plastics for
the environment, biodegradable polymers have a number of drawbacks that prevent their widespread use[7,8]. Degradation rate,
limited end-of-life options, properties and performance, processing difficulties, cost considerations, infrastructure for recycling and
composting, and research and innovation. In order to address these issues and develop a more efficient and sustainable system for
the production, use, and disposal of biodegradable polymers, researchers, industry stakeholders, legislators, and consumers must
work together[9,10].

Both natural and synthetic polymers are the two categories used in this review to report on the origins of biodegradable polymers.
In addition to a review of the most pertinent scientific works regarding these materials' applicability in microencapsulation
technology, a number of their characteristics and uses are discussed|[11].

2. Biodegradable polymers

2.1. History

Microorganisms can break down biodegradable polymers into more easily absorbed molecules that are safe for the environment.
When it comes to solving issues with plastic pollution and environmental sustainability, these polymers are crucial. The development
of materials intended to address environmental issues related to conventional plastics is traced in the history of biodegradable
polymers[12].

2.1.1. 1970s5-1980s

Polyhydroxyalkanoates (PHAs) are a class of naturally occurring bio polymers that are produced by bacteria as a means of storing
energy. They were discovered by researchers in the 1970s. Understanding PHAs was the primary focus of eatly research, and in the
1980s, ideas about their possible use in biodegradable plastics started to take shape [13].

2.1.2. 1990s

Polylactic Acid (PLA), which is made from sustainable materials like sugarcane or corn starch, has drawn interest. Early in the
1990s, PLA's development as a biodegradable polymer with commercial viability began. PLA was used to create packaging
materials, throwaway silverware, and other one-time use products [14].
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2.1.3. Early 2000s:

Polybutylene Succinate (PBS) and Polybutylene Adipate-Co-Terephthalate (PBAT), early in the new millennium, biodegradability
was recognized for polybutylene succinate (PBS) and polybutylene adipate-co-terephthalate (PBAT). These polymers are utilized in
compostable goods, mulch for agriculture, and packaging films [15].

2.1.4. Mid-2000s:

Biodegradable Mulch Films, biodegradable polymers gained popularity in agriculture, especially as mulch films that break down in
the soil after use. After crop harvest, biodegradable mulch films eliminate the need for manual removal and have a lower
environmental impact.

An ongoing search for environmentally friendly substitutes for conventional plastics is evident in the development of biodegradable
polymers. The goal of ongoing tesearch and technological developments is to increase the biodegradable polymer materials'
effectiveness and adaptability even more [16,17].

2.2. BIODEGRADABLE POLYMERS USED IN MICROENCAPSULATION SYSTEM:

In the process of microencapsulation, which involves encasing active ingredients in polymeric shells to regulate their release,
biodegradable polymers are essential.

Polymer
classification
Natural polymers Synthetic polymers
Polyesters
l l polycaprolactone
Polyssacharide Protein based Hydrolysable polyamides
based polymers
| \ Polyurethane and
o polyureas
atin 5
Starch Poly(vinyl alcohol) Polyanhydride
cellulose chitin and polyacrylates

chitosan alginate

Figure 2 Classification of Polymers
2.2.1. Natural polymers

In the course of an organism's growth cycle, natural biodegradable polymers are created. These polymers are readily available,
biocompatible, and biodegradable, among other benefits. The majority of natural polymers are derived from plants and animals and
are soluble in water. Among their primary characteristics are their ability to stabilize complex formulas, emulsify oils, and extend the
potency of active ingredients. For regulated medication delivery, gene delivery, regenerative medicine, and other biomedical
applications, natural polymers are adaptable. When compared to synthetic polymers, natural polymers exhibit lower levels of toxicity
[18, 19].

Polysaccharide-Based Polymers: Merely composed of monosacchatide units arranged in a backbone, polysaccharides are typically
bound together by ether bond O-glycosidic bonds. They may be readily altered and are hydrophilic, biocompatible, biodegradable,
and highly stable. Applying polysaccharides, the most popular ones are alginate and chitosan, which are used in the administration
and targeting of pharmaceuticals [20, 21].
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Figure 3 Structures of Starch, Cellulose, Chitin, Chitosan.

Protein-Based Polymers: Since most proteins are not soluble or bonded without breaking down, they are typically utilized in the
environment in their natural state. Proteins are copolymers made up of various arrangements of amino acids, which makes the
process of making them an intricate one involving a variety of enzymes. A reaction known as amide hydrolysis is used in the

enzymatic breakdown of proteins by proteases [22,23].
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Figure 4 Structure of Gelatin

2.2.2. Synthetic Polymers:

Artificially produced synthetic polymers are made by humans using chemical reactions; they are frequently made from
petrochemicals or other raw materials. Because of their adaptability, toughness, and specific qualities, these polymers have many
uses. Because of these synthetic polymers' many uses and unique qualities, they are essential to contemporary industry and life.
However, worries about how they affect the environment, particularly how long they persist in the environment, have raised
awareness of recycling programs and sustainable alternatives [24,25].

Hydrolysable Polymers: Certain natural polymers are derived directly from nature, as was previously mentioned. However, there are
also polymers that can be created by humans from natural sources but are not found in nature itself.

Chemical techniques are used to create a wide range of biocompatible and biodegradable polymers. The most prevalent compounds
are esters, anhydrides, and amides; the primary source of biodegradability in synthetic biopolymers is the weak hydrolysable bonds
that support them. Its monomer units can decompose chemically or enzymatically. For biomedical applications, hydrolysable
polymers must be able to pass muster with the human body on a biological level [26,27,28].

100
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2.3. Advantages and disadvantages of biodegradable polymers for microencapsulation:

2.3.1. Advantage:

For microencapsulation applications, biodegradable polymers have a number of benefits that make them sustainable and kind to
the environment.

Sustainability in the environment: Biodegradable polymers decompose into components that are safe for the
environment, reducing their long-term effects and promoting sustainable practices.

Waste Reduction: By using biodegradable polymers, the amount of non-biodegradable plastic waste that accumulates is
decreased, addressing issues with plastic pollution.

Greener End-of-Life: Compared to conventional polymers, biodegradable polymers naturally break down into simpler
compounds through microbial activity, providing a greener end-of-life situation.

Renewable Resources: Rather than relying solely on fossil fuels, many biodegradable polymers, including polylactic acid
(PLA), are derived from renewable resources like corn starch or sugarcane.

Controlled Release: The release kinetics of the substances encapsulated in biodegradable polymers can be precisely
modulated by designing the polymers with controlled release properties.

Biocompatibility: Chitosan is one of the naturally occurring biodegradable polymers that shows biocompatibility, which
makes it appropriate for use in medical microencapsulation and pharmaceutical applications.

Consumer and Regulatory Appeal: As environmental concerns have become more widely known, there has been a rise in
the demand for sustainable and biodegradable products, which has increased the market appeal of biodegradable
polymers[29,30,31].

2.3.2. Disadpantages

While biodegradable polymers offer many benefits, there are drawbacks as well, especially when it comes to microencapsulation.

Differential Rates of Degradation: Biodegradable polymers can degrade at different rates depending on the surrounding
environment, which makes it difficult to control and predict when encapsulated substances will release.

Limited Mechanical Strength: When compared to non-biodegradable alternatives, biodegradable polymers may have a
lower mechanical strength. The stability and longevity of the microcapsules may be impacted by this restriction.
Difficulties in Processing: Certain conditions for processing some biodegradable polymers may differ from those for
conventional polymers. Costs may rise and manufacturing procedures may become more difficult as a result.
End-of-Life Considerations: Although biodegradable polymers are intended to decompose, appropriate conditions for
this process may not exist in some disposal sites, such as landfills.

Possibility of Contamination: If biodegradable polymers and conventional plastics are not appropriately separated,
recycling facilities may face difficulties and possible contamination[32,33,34].
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3. Techniques for microparticles preparation

Microparticles can be prepared using a variety of methods, each of which is appropriate for a given application and the desired
properties. The emulsion-solvent evaporation/extraction process, spray drying, phase separation-coacervation, interfacial
deposition, and in situ polymerization are a few of the methods available for microencapsulating pharmaceuticals. Every technique
has pros and cons of its own. A specific technique’s selection is influenced by the drugs and polymer’s properties, the drug’s site of
action, and the length of the therapy.[35]

3.1. Emulsion - Solvent Evaporation Method

An approach that is frequently utilized in the creation of microparticles is emulsion solvent evaporation. For encapsulating
medications, proteins, or other bioactive materials within the microparticles, this approach has advantages. Variations in surfactant
content and polymer concentration can regulate the microparticles size and drug release kinetics[36].

3.1.1. Single Emulsion Method

An effective way to prepare microparticles is the single-emulsion method. A volatile organic solvent, like dichloromethane, is used
to dissolve the polymer, and the medication is either suspended or dissolved in the polymer solution. With an emulsifier present,
the resultant mixture is emulsified in a significant amount of water. The emulsion’s solvent is extracted by a large-scale water
extraction process or by evaporating at high temperatures, which forms compact microparticles. The ultimate morphology of
microparticles is said to be influenced by the rate at which the solvent is removed. The temperature of the medium, the solvent
employed, and the polymer’s solubility properties all affect the pace at which the solvent is removed [37].

Unfortunately, the hydrophilic pharmaceuticals may diffuse out or partition from the dispersed oil phase into the aqueous phase,
resulting in poor encapsulation efficiencies. For this reason, this approach is only applicable to hydrophobic medications. The oil-
in-oil (0/0) emulsification process has garnered significant attention recently as a means of encapsulating hydrophilic medicines. In
this technique, the medication and polymer are dissolved using water-miscible organic solvents, whereas the o/o emulsion’s
continuous phase is made of hydrophobic oils[38,39].

Dispersed in non
aqueous medium
Dropwise addition of
Aqueous cross
linkers ——%
Aqueous dispersion Microsghates
Microspheres—{o<2e %5 » S of natural polymer Previously heated non
aqueous medium (oil)
(:‘llex'nical cross Thermal cross
linking method linking method

Figure 6 Single Emulsion Technique
3.1.2. Double Emulsion Method

Although the first paper on double emulsion was published 89 years ago (Seiftriz, 1924), thorough research on the topic wasn’t
initiated until the end of the 1970s. Multiple emulsion reviews are available, mostly from three research groups: Matsumoto et al.
(1980), Frenkel et al. (1983), Florence and Whitehill, 1981, and Florence and Whitehill, 1982. Preparing microparticles using the
double emulsion method is useful, especially when it comes to encapsulating and delivering drugs. A double emulsion, also called a
watet-in-oil-in-water (W/O/W) emulsion, is made using this technique. First, an organic phase is used to emulsify an aqueous phase
containing the material to be encapsulated. This primary emulsion is then reconstituted in a second aqueous phase [40].

Most drugs that are soluble in water have been encapsulated using water-in-oil-in-water techniques. To create the water-in-oil
emulsion, the polymer-dissolved organic solution is emulsified with the water-soluble drug’s aqueous solution. Sonicators or high-
speed homogenizers are used to carry out the emulsification. To create a w/o/w emulsion, this primary emulsion is subsequently
vigorously stirred into an excess of water containing an emulsifier. Evaporation or extraction ate the methods used in the next step
to remove the solvent. This technique has the benefit of encapsulating hydrophilic medications with a high encapsulation efficiency
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in an aqueous phase. The development of protein delivery systems has thus made extensive use of the w/o/w emulsion system
[41,42,43].

Temperature, the type and concentration of the emulsifier, the ratio of polymer to drug, the stirring/agitation speed duting the
emulsification process, and the properties of the polymer all affect the properties of the microspheres made using the double
emulsion method [44].

3.2. Phase separation

A critical step in the microparticle preparation process during microencapsulation is phase separation. The process entails the
dispersion of the active ingredient-containing dispersed phase and an immiscible phase, usually a polymer solution. Methods such
as coacervation or solvent evaporation cause phase separation, which creates solid microparticles that contain the target material.
In a variety of applications, like pharmaceuticals or food industry encapsulation, this process improves stability and aids in
controlling drug release[45].

By gradually extracting the polymer solvent and creating soft coacervate droplets containing the drug, an organic non solvent is
added to this mixture solution while being continuously stirred. The rate at which the nonsolvent is added influences the drug's
encapsulation efficiency, size of microparticles, and solvent extraction rate. The nonsolvent that are frequently used are low-
molecular-weight polybutadiene, vegetable oil, silicone oil, and light liquid paraffin. The coacervate phase is subsequently made
harder by subjecting it to an excess of a different nonsolvent, such as diethyl ether, hexane, or heptane. Molecular weight of the
polymer, non-solvent viscosity, and polymer concentration all affect the final microspheres' properties. The likelihood of creating
large aggregates is this method's primary drawback. This method's primary drawback is its propensity to produce large aggregates.
Before they fully phase separate, very sticky coacervate droplets usually stick to one another [46,47].

The preparation of protein-loaded microcapsules using this method appears promising. Traditional techniques for creating
microparticles, for instance, require exposing proteins to large amounts of the hydrophobic polymer matrix, the interface between
aqueous and organic phases, and acidic/basic microenvironments that arise from the polymet's breakdown. It has been reported
that these adverse interactions cause conformational changes in proteins. Conversely, it has been demonstrated that the interfacial
phase separation method reduces these sources of protein inactivation [48,49,50].

3.3. Spray drying

Making microparticles is often accomplished by spray drying. In order to create solid particles, a liquid solution or suspension is
atomized into tiny droplets and rapidly dried. For the purpose of creating powders with regulated particle sizes, this method is
extensively employed across numerous industries. Capturing active ingredients and achieving consistent powder formulations are
effectively achieved with its help [51].

It is preferred to use volatile solvents when dispersing or dissolving the drug in the polymer solution. To create microparticles, a
stream of heated air is used to spray the resultant solution or suspension. The parameters of atomization influence the size of the
micropatticles[52]. Due mainly to the micropatticles' adherence to the spray-driet's inner wall, this technique's primary drawback is
a sizable amount of product loss. Because the microparticles are extremely sticky before the solvent is completely removed, large
aggregates are also commonly obtained [53]. Mannitol can be simultaneously sprayed on the surface of the microparticles and coated
with polymer/drug solution through the use of a single nozzle for simultaneous spraying of aqueous maltosol solution [54]. The
findings showed that applying mannitol to the microsphere increases product yield while reducing the degree of aggregation. To
create protein-loaded microparticles, a non-aqueous, ctyogenic method was employed [55]. Under this method, the polymet/drug
solution is created as liquid droplets through a spraying nozzle, collected in liquid nitrogen that contains frozen ethanol, and then
hardened by cooling the droplets to -80 °C, which is the temperature at which solvent extraction takes place [50].

It has been demonstrated that using this technique, proteins can be encapsulated into microparticles without seriously sacrificing
their biological activity [57].

3.4. Application of biodegradable polymers used for microencapsulation:
Applications for the biodegradable polymers used in microencapsulation include the following,

® Managed drug release to enhance patient compliance, minimize adverse effects, and provide longer-lasting therapeutic
effects.
Managed pesticide and fertilizer application, improving effectiveness and lessening environmental effect.
For longer shelf life, taste masking, and controlled release, flavors, nutrients, or delicate ingredients can be encapsulated.
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The gradual release of active ingredients in skincare products, which improves the performance of the product and
offers long-term benefits.

Integration of functional additives, such as fragrances or antimicrobial agents, into textiles for regulated release.

The application of microbes or enzymes to particular locations in order to carry out focused remediation operations.
Encapsulation for applications in tissue engineering and regenerative medicine that require controlled release of
biomolecules, proteins, or cells.

Adding corrosion inhibitors, antimicrobials, or other functionalities to coatings for controlled release.

Improving the active ingredients' stability and controlled release in cosmetics like sunscreens, lotions, and shampoos.

Microencapsulating therapeutic agents to create materials with the ability to mend themselves[58,59,60].

4. Conclusion

The development of novel microencapsulation systems that possess both biodegradability and biocompatibility is facilitated by the
use of biodegradable polymers. Unlike non-biodegradable polymers, it can be easily expelled from the body or released into the
environment because it erodes in small residues. These polymers are good candidates because of their minimal cytotoxicity,
biocompatibility, and mechanical properties. Though it takes time to manipulate the degradation pattern of polymers so that they
do not produce any toxic products, there is still room for exploration in the field of biodegradable polymers. By carefully selecting
and combining the right medications and polymers, biodegradable microparticles enable precise drug release for the treatment of a
given ailment. The synthesis of microcapsules using biodegradable polymers has been a topic of exploration and ongoing innovation,
as evidenced by the facts mentioned above. Yet there is still room for advancement in the form of novel applications, improved
microencapsulation systems, and microencapsulation technologies.
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