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Abstract 
The excessive use of chemical fertilizers and synthetic pesticides has become a significant concern in modern agriculture. These substances disrupt the natural microbial composition of the soil and eliminate beneficial organisms that help control pests. As a sustainable alternative, biopesticides offer an eco-friendly, non-toxic solution that decomposes quickly without harming the environment. However, their susceptibility to degradation under high temperatures and UV radiation limits their effectiveness. To overcome this challenge, various encapsulation techniques have been developed to enhance the stability, shelf life, and efficiency of biopesticides. These methods facilitate the controlled release of active ingredients, thereby improving their potency in pest management. This review explores different encapsulation strategies for biopesticides, analyzing their advantages, limitations, and future potential for sustainable agriculture.
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The widespread use of synthetic pesticides has significantly contributed to increased agricultural production and pest control. However, the excessive and indiscriminate application of these chemicals has led to several negative consequences for human health and the environment. These include the development of pesticide-resistant pests, contamination of water sources, and harm to non-target species (Mitra et al., 2011). In light of these issues, there has been a growing movement in recent years to seek safer, more environmentally friendly alternatives, such as biopesticides, to replace traditional chemical treatments (Damalas et al., 2018). Biopesticides have proven highly effective in protecting plants, improving crop quality, and boosting yields. Derived from natural sources, these compounds offer a sustainable and eco-conscious approach to pest management. They play a crucial role in sustainable agriculture, often integrated into broader pest management strategies alongside synthetic pesticides and other techniques in a holistic, bio-intensive manner.
Various biopesticides, including Bacillus thuringiensis (Bt), Beauveria bassiana, Metarhizium anisopliae, and Metarhizium rileyi, play a crucial role in pest management as natural regulators of insect populations (Ndolo et al., 2019). Bt, a gram-positive, spore-forming bacterium, produces Cry proteins that effectively target pests from the Lepidoptera, Coleoptera, and Diptera orders. Similarly, entomopathogenic fungi (EPF) like Beauveria bassiana, Metarhizium anisopliae, and Lecanicillium lecanii offer an eco-friendly alternative to synthetic pesticides due to their ability to infect and eliminate insect pests. These fungi are particularly valued for their host specificity, minimal impact on non-target organisms, and overall environmental safety                            (Friuli et al., 2020). By penetrating and colonizing their hosts, EPF causes fatal infections, with the decaying insect providing additional nutrients that sustain fungal growth, thereby increasing their effectiveness as bioinsecticides. Moreover, their intricate mode of action reduces the likelihood of pests developing resistance, making them a sustainable solution for integrated pest management (Dusfour et al., 2019).
However, the full potential their use is limited by their vulnerability to adverse field conditions, including intense UV radiation, high temperatures, drought, and the surface to which they are applied. These environmental challenges can severely affect their performance and longevity, often necessitating more frequent applications, which increases costs (Mascarin et al., 2016) (Biondo et al., 2022). One promising solution to these challenges is the encapsulation of microbial inoculants, which provides a protective barrier that shields microorganisms from environmental stressors and supports their survival and adaptation after being applied to crops (Vassilev et al., 2020). For example, polymer-based encapsulation matrices have proven effective in protecting microorganisms from various abiotic factors, extending their shelf life (Huang et al., 2017). To improve the resilience and effectiveness of biopesticides in diverse environmental conditions, researchers have been exploring different encapsulation techniques. This review, therefore, primarily focuses on the various encapsulation methods for enhancing the performance of biopesticides.
Biopesticide Usage Pattern in India 	
Pests frequently attack crop plants, hindering their growth and overall health. To mitigate pest-related damage, growers primarily rely on swift pest control measures, particularly synthetic pesticides (Nkechi et al., 2018). Although these chemical pesticides are highly effective, their prolonged use presents significant challenges, such as the evolution of pesticide-resistant pests . (Shabana et al., 2017). Moreover, chemical pesticides pose serious risks to human health, negatively impact ecosystems, and have toxic effects on non-target organisms, disrupting ecological balance (Sande et al., 2011). In response to these concerns, the misuse and excessive application of chemical pesticides have necessitated the exploration of alternative pest management strategies (Mahmood et al., 2016). Among these alternatives, biopesticides have emerged as a safer and more sustainable solution. Unlike synthetic pesticides, biopesticides do not induce toxicity in plant pathogen management, making them environmentally friendly and safe for both applicators and consumers. They are biodegradable, target-specific, and do not contribute to pest resistance (Ganate et al., 2010).
India's Central Insecticides Board and Registration Committee (CIBRC), the primary regulatory authority for biopesticides, has registered 970 biopesticide products (Pragati and Solanki 2021). Of these, fungal, bacterial, viral, and other types of biopesticides constitute 66%, 29%, 4%, and 1%, respectively (Mishra et al., 2020). Trichoderma is the most widely used fungal biopesticide, with 355 registered products available in the Indian market. Additionally, Bacillus thuringiensis (Bt) accounts for approximately 15% of all bacterial biopesticides in use, with an annual growth rate of nearly 10% (Yatin, 2006). Despite their effectiveness, viral biopesticides such as nucleopolyhedrovirus (NPV), commonly used against Helicoverpa armigera, remain underutilized. Data indicates that Maharashtra has the highest biopesticide consumption, while Goa has the lowest. While biopesticides offer numerous advantages, such as environmental sustainability and safer food production, certain challenges hinder their widespread adoption as pest and disease management tools. In field conditions, higher dosages of bioactive compounds are often required to enhance their efficacy.  Although in vitro studies often yield promising results, discrepancies arise in field applications due to factors such as limited shelf life, subpar raw material quality, and inconsistencies in production techniques. Overcoming these barriers is essential to maximizing the potential of biopesticides in sustainable agriculture.
Limitations of biopesticides:	Comment by rajiv sathe: Give the reference
Biopesticides have emerged as a promising alternative to chemical pesticides, but they are not yet capable of fully replacing synthetic options in the market. There is substantial evidence supporting the effectiveness of biopesticides against various crop pests. However, several limitations still need to be addressed:
· Availability of Plant Sources: The production of biopesticides heavily relies on the availability of host plants in large quantities, which are typically grown for food, medicinal purposes, and other uses. Large-scale commercial production would require vast areas of land, which are mainly reserved for food crops. As a result, it may be challenging to meet the necessary quantities for effective biopesticide application.
· Formulation: Developing biopesticides is challenging because multiple active compounds with varying chemical properties can be derived from a single plant. The extraction process often involves organic solvents, which can pollute the environment if not disposed of properly.
· Shelf Life: Biopesticides tend to have a much shorter shelf life compared to their biodegradability rate. This affects the cost of production, development processes, and leads to inconsistencies in their field performance.
· Specificity: Microbial biopesticides only target a small portion of the overall pest population, as microbes make up a minor part of it. They are also slower in action when compared to chemical alternatives.
· Efficacy: The effectiveness of microbial biopesticides is vulnerable to harsh climatic conditions such as heat, desiccation, and UV radiation. As a result, careful design of the delivery system is essential. Furthermore, their toxicity to pests is generally mild, making them less effective than traditional chemical pesticides.
Newer technologies for production of biopesticides:
NANOTECHNOLOGY FOR BIOPESTICIDES
Nanotechnology is rapidly emerging as a transformative force in agriculture, offering groundbreaking solutions to enhance the potency of biopesticides while minimizing their environmental footprint. Nanoscale particles, ranging from 1 to 100 nanometers, possess distinctive properties that set them apart from their larger counterparts, making them particularly advantageous for plant protection (Yousef et al., 2023). Nano pesticides harness these minuscule particles to optimize pesticide delivery and efficacy while curbing their ecological impact. By facilitating the controlled and gradual release of active ingredients, nano pesticides pave the way for safer, more sustainable pest management strategies (Frey, 2001). These systems have been utilized in various biopesticides, including nucleopolyhedrovirus (NPV), Bacillus thuringiensis (Bt), and entomopathogenic fungi (EPF). These biopesticides are recognized for their eco-friendly nature and their ability to selectively target pests, making them a sustainable option for pest management (Ndolo et al., 2016). There are physical and chemical processes that are commonly used for nanoparticle production. These pesticides provide controlled release, enhanced penetration, and precise pest targeting. This reduces reliance on traditional chemical pesticides while supporting more sustainable and eco-friendly agricultural practices (Tang et al., 2023).
Encapsulation: Microencapsulation is defined as the process of enclosing or enveloping solids, liquids or even gases within second material (with a continuous coating of polymeric materials) yielding microscopic particles ranging from less than 1 micron to several hundred microns in size.
Microcapsule:
· Encapsulation results in the formation of a final product known as a capsule.
· Microcapsules are microparticles consisting of a core enclosed by a distinct coating or wall material, which differs from the core substance. The core can exist in solid, liquid, or gaseous form. These tiny capsules are designed to release their contents, such as pesticides, upon rupture, melting, or dissolution.
· Capsules primarily function as storage units, delivery systems, or protective barriers that separate incompatible ingredients within a liquid formulation.
Components of microencapsulation
· Micro capsule consist of two components
·  Core material 
·  Coat/wall/shell material
1. Core material (Insecticide or active ingredient)
The internal components of a capsule, known as the core, can also be referred to as the ingredient, substrate, fill, active agent, internal phase, nucleus, or payload phase. The substance that undergoes encapsulation is termed the core material, which can exist in either liquid or solid form. A liquid core may consist of a dissolved or dispersed substance.
2. Coating Material
The external layer or layers that cover the core material is the coating material and denominated as the wall, shell, membrane, carrier, coat, external phase or matrix etc. Shells can be made from natural, semi-synthetic or synthetic polymers. It should be compatible with the core material. Should be stabilize with core material. Should be inert toward active ingredients. The coating can be flexible, brittle, hard and thin. Should be abundantly and cheaply available
Fig 1 : Structure of Coating Material
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In general, there are two forms of encapsulates viz., reservoir type and matrix type. In reservoir type, the active agent is surrounded by an inert diffusion barrier. It is also known as single-core or mono-core or core-shell type. In matrix type, the active agent is dispersed or dissolved in an inert polymer.

Fig 2 : Forms of encapsulates 
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Table 1 : Types of coating materials used in microcapsules	Comment by rajiv sathe: Give the reference
	Polymers 
	Examples

	Natural polymers

	1. Proteins
	Albumin, Gelatin, Collagen

	2. Carbohydrates
	Agarose, Chitosan, Starch

	3. Chemically modifies carbohydrates
	Polystarch, Polydextran

	Synthetic polymers

	1. Biodegradable 
	Lactides, Glycolides, Poly anhydrides

	2. Non biodegradable
	Poly Methyl Methacrylate (PMMA), Acrolein, Epoxy polymers



Importance of Encapsulation:	
· Prevent deterioration of the core material and lower the rate at which the core material evaporates into the environment.
· To ensure slow, regulated and targeted release of active ingredient
· To enhance the bioavailability, stability and efficacy of product

For agriculture purpose: Pesticide encapsulation can decrease human exposure to active ingredients, lower pesticide residues in agricultural products, improve protection against unfavorable reactions and physical stresses, minimize environmental contamination, decrease application frequency, and extend the useful life of non-persistent pesticides. Solids, liquid droplets, and gas bubbles can be part of the shell material for liquid or gas core. The structure of the encapsulated particles can be spherical, in capsules, beads, monocore, multicore, multishell, or matrix. Biopesticides can be encapsulated using a variety of methods that are categorized according to their chemical or physical processes. Among the chemical processes, the most explored are emulsion polymerization, mini emulsion, melt-dispersion, in situ polymerization, and coacervation (Balachnadran et al., 2022). The most well-documented methods of encapsulating biopesticides in terms of physical processes are spray drying, fluidized bed coating, and ionic gelation. There are many types of encapsulation techniques chemical or physical processes. The most studied chemical processes are coacervation, melt-dispersion, polymerization, and in situ polymerization. Regarding the physical methods, ionic spray drying, fluidized bed coating, and spray drying etc are the most well-researched methods of encapsulating techniques for biopesticides.
Different types of production of microcapsules
There are various microencapsulation technologies, including coacervation, spray drying, polymerization, and solvent volatilization, etc.
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	Method 
	Description 
	Materials 
	Size 

	Spray Drying
	The core material is homogenized with the carrier and then set in a spray dryer
Tiny droplets are formed and, by contact with the hot gas, water is evaporated, obtaining a powder or granular
Product
	Chitosan and sodium lignosulfonate
	1.10–2.09 µm

	Ionic Gelation
	This method relies on ionic interactions between the charged groups of the crosslinking agent and the polymer.

	Alginate 
	-

	Fluidized Bed Coating (FBC)
	In this method, particles with different diameters are moved around in a fluidized bed and sprayed with a liquid. The solution, either aqueous or organic,
evaporates and forms a coating layer around the active ingredient
	Biomass
	-


Chemical processes 
	Method
	Description 
	Materials 
	Size 

	In situ polymerization
	On the surface of the core material, a monomer or oligomer solution is directly polymerized. Deposition and precipitation are controlled by
precipitants or changes in pH and temperature

	Phenol and Formaldehyde
	20–110 µm

	Melt -Dispersion
	The active component is emulsified in a high-pressure homogenizer after being melted in water at a temperature above the melting point.

	Poly-ethylene glycol (PEG)
	240 nm

	Miniemulsion Polymerization
	Fine monomer droplets are produced by the action of high shear (ultrasonic waves or high-speed homogenizer), so polymer particles are obtained via oil-soluble initiators, through droplet nucleation.
	Polysorbate 80 (Tween® 80)
	53.25–247.6 nm

	Complex coacervation
	This technique employs two natural biodegradable polymers of opposite charge
	Gelatin and gum
Arabic
	35–50 µm


 
Spray drying:
The spray drying technique produces dried particles by nebulizing a dispersion medium containing the polymer and active ingredients into a heated air stream, leading to solvent evaporation as the material moves toward storage. Research by Liu and Liu (2009) demonstrated that spray-dried Beauveria bassiana conidia retained 80% viability for up to six months when stored at 4°C. Similarly, Felizatti et al. (2021) reported that spray-dried B. bassiana powder effectively controlled Spodoptera cosmioides. The fine particles generated through this method can be applied in any volume, as the protective matrix ensures the pathogen remains in close proximity to additives like sunscreens, optimizing placement and reducing waste (Singh et al., 2010).

Ionic Gelation:
It can produce nanoparticles and microparticles with a fragile particulate system, high dispersibility index, and few sites to modify the surface for functional moieties attachment. It is mixing compound/conidia of interest to the alginate solution and dripping it into a gelling solution containing a divalent cation (usually calcium chloride) (Ching et al., 2017). The size of particle can be controlled by the extruder nozzle and by the transfer rate. Alginate functions as a porous matrix that traps and releases the active ingredient under controlled conditions. Furthermore, the method works to maintain microbial viability without requiring high temperatures (Perullini et al., 2015). This can slowly release the conidia. Maruyama et al. (2020) encapsulated Trichoderma harzianum using alginate. The gel ionization of Beauveria bassiana has been shown to be pathogenic to pyrethroid-resistant Triatoma. infestans, Fungal microencapsulated formulation caused higher nymph mortality than the un microencapsulated fungus (Baldiviezo et al., 2023)
Fluidized Bed Coating (FBC)
This technique involves suspending particles of varying diameters in a fluidized bed while spraying them with a liquid solution. As the solution—whether water-based or organic—evaporates, it creates a protective coating around the active ingredient. Recently, the fluid-bed coating method has been effectively utilized to encapsulate biopesticides derived from fungal spores such as Beauveria bassiana, Cordyceps fumosorosea, and Metarhizium brunneum. These encapsulated formulations have been successfully incorporated into integrated pest management strategies (Stephan et al., 2021).
Pan coating:
These solid particles are greater than 600-micron size and are generally considered for effective coating. These are used for controlled released beads. This coating is applied as a solution by atomized spray to desired solid core material in a coating pan. This process involves coating a range of spherical core materials with polymers, such as nonpareil sugar seeds. 
Air suspension:
The process of microencapsulation via air suspension involves scattering solids and particulate core materials in a supporting air stream, followed by spray coating the air suspended particles. Within the coating chamber, particulate core materials are suspended on an upward moving air stream. The chamber design and its operating parameters influence a recirculating flow of the particles through the coating-zone portion of the coating-chamber, where a coating material is sprayed to the moving particles. During each pass through the coating-zone, 3 the core material receives a coat, and this cyclic process is repeated depending on the purpose of microencapsulation. The supporting air stream also serves to dry the product while it is being encapsulated. The drying rate is directly related to the temperature of the supporting air stream used.
Coacervation:
Coacervation name comes from the Latin word acervus, which means aggregation, and the prefix co indicates the fusion of colloid particles. The mechanism of this process consists of the separation of the hydrocolloid from the primary solution followed by agglomeration into a separate, liquid phase which is called “coacervate”. The coacervates are called the “continuous phase”, whereas the second phase is called the “equilibrium solution.” Complex coacervation gives microcapsules the ability to release their contents under regulated conditions, such as mechanical stress, temperature, or prolonged release.
Steps:
· Preparation of dispersion of core material into homogenous coating polymer solution
· Co-acervation or desolvation
· Deposition of polymer on the core material 
· Hardening of the coat 
There are two types of coacervation simplex and complex coacervation. 
Simple coacervation: Simple coacervation refers to the cases where only one polymer is involved and salted out by the action of electrolytes (sodium sulfate) or desolvated by the addition of a water-miscible non-solvent (ethanol) or by increasing or decreasing the temperature.
Complex coacervation: This technique employs two natural biodegradable polymers of opposite charge. One commonly used pair of such polymers is alginate or acacia gum and gelatin. Using gelatin and gum Arabic as wall materials, Qiu et al. (2019) entrapped Metarhizium anisopliae, a fungus with insecticidal properties against red fireants (Solenopsis invicta). The conidia that were microencapsulated showed greater resilience to UV radiation and a longer lifespan. CC-1+Btk (Chitosan + lignosulphonate + manganous sulphate + Btk) and CC-2+Btk (Chitosan + lignosulphonate + carboxymethylcellulose + manganous sulphate + Btk) were found effective and recorded higher percent larval mortality (91.66 to 100%) of semilooper (A. janata) as compared to commercial Btk formulations (90.0 to 95.00%) Suresha et al.,  2023. Luo et al.,  2021 reported that Spodoptera litura nucleopolyhedro virus microcapsules by a complex coacervation process prolong the biological activity of NPV and ensured the increased efficacy of a biological pesticide. According to Xin et al.,  (2018), the complex coacervation method used to create the gelatin-gum Arabic microcapsules containing Bacillus thuringiensis  (Bt) shown superior efficacy in comparison to the control. On days 7 and 14, there was a rise in mortality, from 75.65% to 86.09%. 
Polymerization:
Protective microcapsule coverings are created in situ using the polymerization technique of microencapsulation. The method involves the reaction of monomeric units positioned at the interface existing in-between a core material and a continuous phase, wherein the core material is dispersed. The continuous or core material supporting phase is usually a liquid or gas, and therefore, the polymerization reaction occurs at the interfaces of liquid-liquid, liquid-gas, solid-liquid, or solid-gas.

Interfacial polymerization:
A polymerization reaction that occurs at or near the interfacial boundary of two immiscible solutions. This involves dispersing an organic phase (containing polyfunctional monomers and / or oligomers) into an aqueous phase (containing a mixture of emulsifiers and protective colloid stabilizers) along with the material to be encapsulated. The resulting oil in water emulsion undergoes interfacial polymerization, with the monomers/ oligomers reacting spontaneously at the phase boundary to form microcapsule polymer walls. According to Wang et al. (2024), an interfacial polymerization technique employing modified isocyanate (MDI) as the wall material and GT-34 as the initiator was used to create polyurea microcapsules loaded with lambda-cyhalothrin. The results showed that these microcapsules could achieve 91.48% encapsulation efficiency and had a smooth surface and homogeneous dispersion with the average particle size was 1.97μm. kamble et al., 2018 prepared cypermethrin/polyurea microcapsules by interfacial polymerization. These microcapsules showed excellent encapsulation efficiency and loading ability for cypermethrin 96.23.  The slower cypermethrin release was observed for the lower core to shell ratio (2.5:1). Xiao et al.,  2021 worked on temperature-responsive release microcapsule loaded with chlorpyrifos (CPF@CM). this could protect chlorpyrifos against photodegradation effectively. The bioassay data revealed that were found effective in controlling of diamond back moth P. xylostella
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Fig 3: Schematic representation of the steps involved in the interfacial polymerization of a water-in-oil microemulsion to synthesize water-core microcapsules
In situ polymerization
Steps:
1. Dispersion of the liquid to be encapsulated in water: The liquid to be encapsulated is diluted with water in a stirred tank. The stirrer's speed controls the size of the droplets that are produced.
2. Introduction of the monomers (A, B) into the solution: monomers are the small molecules will undergo chemical reactions known as polymerization to generate polymers.
3. Initiation of the polymerization process: Temperature can be increased by using catalysts, and the polymerization reaction is started by PH alterations (acids or bases are added). Encapsulation results from the polymer that is created being deposited around the droplets.
4. Stabilization of the polymer structure: The polymer is then consolidated by changes in pH or temperature or the addition of additives (crosslinking). This leads to better isolation of the encapsulated asset. The finishing operations are then carried out, they consist in adjusting the acidity of the medium, as well as the viscosity. Valizadeh et al.,  2023 reported that nano-formulated acetamiprid in situ polymerized using sodium alginate (AL) and polyethylene glycol (PEG) was effective against third instar larvae of  Trogoderma granarium. Bagle et al., (2013) loaded phenol aldehyde microparticles with neem oil - azadirachtin, for affecting the behavior and physiology of insects. The encapsulation process was performed to prevent the rapid degradation of neem oil, improve its stability in the environment and allow its slow release. The resulting particles presented spherical shape, with smooth morphology, no agglomeration, and thermal stability. 
Table 3 : Examples for encapsulation of entomopathogens against target pests
	Biopesticide used 
	Target Insect Pest
	Method of encapsulation
	Reference

	B. thuringiensis
	Spodoptera exigua 
	Spray drying
	Eski et al., 2019

	B. bassiana 
	Spodoptera cosmioides 
	Spray drying
	Su-Fen et al., 2023

	B. thuringiensis var. kurstaki
	Achaea Janata
	Complex coacervation
	Suresha et al., 2023


	B. thuringiensis var. kurstaki
	Spodoptera litura
	Complex coacervation
	Duraimurugan et al. 2024

	Metarhizium anisopliae
	Solenopsis Invicta
	Complex coacervation
	Qiu et al. (2019

	Nucleopolyhedro virus (NPV)
	Spodoptera litura
	Complex coacervation
	Luo et al.,  2021

	Beauveria bassiana
	Triatoma infestans
	Ionic Gelation
	Baldiviezo et al., 2023

	Beauveria bassiana
	Spodoptera cosmioides 
	Ionic Gelation
	Felizatti et al., 2021

	M. anisopliae
	Rhipicephalus microplus (Canestrini)
	Ionic Gelation
	Meirelles et al., 2023

	B. bassiana 
	Helicoverpa armigera
	Spray drying
	Aziz et al., 2015

	Bacillus thuringiensis subsp. kurstaki 
	Plutella. xylostella
	Spray drying
	Duraisamy et al., 2023



Benefits of Encapsulation for Biopesticides
1. Controlled release: In microencapsulated products, a controlled release mechanism typically involves the active ingredient being surrounded by a polymeric coating or wall that regulates the rate at which it is released, often through diffusion of the substance through the coating, which can be influenced by factors like the polymer's permeability, thickness, and the surrounding environment, allowing for a sustained and controlled release over time. Controlled release should be considered from two perspectives: delayed release and sustained release. In the case of delayed release, the system is designed to adjust the timing or location of the active ingredient's release. While this method does not enhance the active ingredient's effectiveness, it serves to protect it from unfavorable environmental conditions. In the second approach, delivery systems are created to extend the release of the active ingredient, thereby enhancing its effectiveness or absorption. This extended release can also improve bioavailability and help preserve the nutritional qualities of the ingredient.
2. Top of Form
3. Bottom of Form
Advantages of Controlled release formulations:
· Prolonged effectiveness by delivering a continuous, low dose of pesticide, maintaining its function over an extended period.
· Fewer applications by enabling long-lasting effects with a single application.
· Cost savings by reducing the need for repeated applications, cutting down both time and financial expenditure.
· Decreased environmental pollution by minimizing the distribution of large pesticide quantities at once, reducing the adverse effects of agrochemical loss through evaporation, degradation, or rainwater leaching into soil and water sources.
· Extension of activity for less stable pesticides, particularly those prone to instability in aquatic environments.
· CRF transforms liquid technical pesticides into solid formulations, making them easier to transport and less flammable.
· Reduced mammalian and plant toxicity by lowering the pesticide's mobility in the soil, consequently decreasing residues in the food chain.
Release Mechanisms in Microencapsulation:
1. Diffusion: this release mechanism is based on Fick's law, which explains how substances move from areas of high concentration to areas of low concentration. In systems like polymer-based capsules, the rate at which the active ingredient is released depends on how easily it can move through the material. Large molecules move more slowly than small ones, and substances move more slowly in thick or sticky environments. Other factors that affect how the substance is released include how well the active ingredient dissolves in the polymer system and how it is spread out within it. In systems with porous structures, the release rate can be slower because the ingredient has to travel a longer distance to reach the outside environment.
2. Dissolution: The rate at which a polymer dissolves in its environment is a key factor in controlling how a substance is released. The thickness and type of coating around the active ingredient affects how fast it is released. Once the coating dissolves, the active ingredient can dissolve into the surrounding environment. Polymers used in these systems are usually water-soluble, though some insoluble polymers can also be used. However, the active ingredient might not be completely inside the polymer; it could also be on the surface. If it's on the surface, there’s an initial stage where the active ingredient comes off the surface and mixes with the surrounding environment. Then, the second stage involves the ingredient diffusing away from the surface. When the active ingredient can dissolve in the surrounding environment, the first stage (coming off the surface) happens faster than the second stage (diffusing away), creating a concentration difference. 
3. Erosion: There are two main types of erosion processes that are often discussed: bulk erosion and surface erosion. Surface erosion depends on how quickly the releasing medium (like water or another solvent) enters the polymer material and how well it can break the bonds between the polymer chains. If the surrounding medium enters the polymer faster than the polymer chains can break down, mass erosion happens. This means surface erosion can occur in two ways: either when the medium enters the matrix slowly, or when the polymer chains break down quickly.
4. Swelling and Osmosis: In some systems, the encapsulating material absorbs water, swells, and create pressure inside, gradually forcing out the microorganism. This is common in hydrogels or other water-sensitive polymers.
5. Thermal or Enzyme-Triggered Release: Some formulations may be designed to release the entomopathogens in response to specific environmental triggers, such as temperature changes, pH fluctuations, or the presence of particular enzymes in the target environment.
Enhanced Stability and Shelf Life: Biopesticides, especially microbial agents, are often sensitive to environmental factors such as heat, light, and moisture. Microencapsulation provides a protective barrier that shields the active ingredients from degradation, thereby increasing the shelf life and effectiveness of biopesticides under various storage and field conditions.
Reduced Toxicity to Non-target Organisms: The encapsulation process can minimize the exposure of non-target organisms, including beneficial insects, soil microorganisms, and other wildlife, to the biopesticide. The controlled release mechanism ensures that the pesticide is only active when needed, reducing potential environmental harm.
Improved Safety and Handling: Microencapsulation allows for safer handling of biopesticides by reducing the risk of exposure to the active ingredients during formulation, storage, and application. This is particularly important for biopesticides based on microbial agents or bioactive compounds, which can sometimes be toxic or hazardous to humans or animals.
Cost-effectiveness: Although the initial cost of microencapsulation can be high due to the specialized materials and technology involved, the overall cost of pest management can decrease in the long run. This is because microencapsulated biopesticides often require fewer applications, reduce the need for chemical pesticides, and can lead to improved crop yields.	Comment by rajiv sathe: Give the reference
Conclusion and Future prospects 
The improper use and prolonged exposure to synthetic chemical pesticides have led to significant negative impacts on both human health and the environment, underscoring the growing demand for sustainable, high-quality alternatives that can meet market needs. Entomopathogenic fungi, which are natural enemies of a variety of agricultural pests, presents a promising solution for the development of ecological pesticides. These fungi are highly specific and effective against their target pests. However, their application is limited by factors such as vulnerability to ultraviolet (UV) light and fluctuating temperatures, which can diminish their effectiveness. In this review, we explore several encapsulation techniques designed to protect entomopathogenic fungi from these environmental stressors. Each technique has its own unique features, but they all aim to ensure the fungi's stability and enhance their functionality in agricultural applications. By encapsulating these microorganisms, their resilience is improved, thus ensuring that they remain viable and potent when applied in the field. Furthermore, further research is needed to adapt and refine these encapsulation methods for different fungal species and bacteria. Expanding the range of microbial products available will play a key role in reducing the reliance on harmful chemical pesticides and plant growth stimulants, thus promoting a healthier environment and safeguarding human health.
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