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ABSTRACT

Polymeric nano formulations hold great promise for enhancing the efficacy and targeted delivery of plant bioactives in various agricultural applications. This review covers future directions, including advancements in nanoencapsulation techniques, stability improvement, bioavailability enhancement, tailoring formulations to specific plant applications and safety assessment. Advances in nanoencapsulation techniques have transformed the delivery of plant bio actives, including pesticides, growth regulators, and beneficial microorganisms. Biocompatible and biodegradable polymers ensure safety and eco-friendliness. Stimuli-responsive nanoparticles enable controlled release, optimizing dosing while minimizing environmental impact. Enhancing the stability and bioavailability of plant bioactives is crucial for maximizing their effectiveness. Polymeric nanoformulations protect compounds from degradation, improve solubility, and enable sustained release, leading to prolonged exposure and enhanced nutrient uptake. Tailored polymeric nanoformulations in precision agriculture enable targeted delivery to specific plant tissues, enhancing disease management, stress tolerance, and nutrient supply. Combination therapies with multiple bioactives provide personalized solutions for diverse plant-related challenges. Safety is crucial for polymeric nanoformulations. Nanotoxicity studies and safety evaluations guide responsible formulation design and regulatory approvals. Long-term safety assessments and environmental impact evaluations ensure sustainable agricultural practices.
Future research focuses on personalized plant treatments, smart nanoparticles, and innovative applications such as nanoscale vaccines, wound healing, and environmental remediation. Overcoming challenges in scale-up, cost, and public acceptance is crucial for successful implementation. Interdisciplinary collaboration and ongoing research will unleash the full potential of polymeric nanoformulations in sustainable agriculture and plant-related industries.
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I. INTRODUCTION

Nanoformulations have emerged as a promising field in the realm of drug delivery, offering unprecedented opportunities to enhance the efficacy and safety of therapeutic agents. Polymeric nanoformulations, in particular, have garnered significant attention due to their versatility, tunability, and ability to encapsulate a wide range of bioactive compounds.[1]
Polymeric nanoformulations involve the encapsulation of bioactive substances within polymeric nanoparticles, which are typically in the range of 1 to 100 nanometers in size. [1] These nanoparticles can be fabricated from a variety of biocompatible and biodegradable polymers, such as poly(lactic-co-glycolic acid) (PLGA), chitosan, polyethylene glycol (PEG), and polycaprolactone (PCL).[2] [3]The choice of polymer depends on factors such as the desired release profile, stability requirements, and compatibility with the target application.
One of the key advantages of polymeric nanoformulations is their ability to protect bioactive compounds, such as plant extracts and phytochemicals, from degradation and premature release.[3] The polymeric matrix acts as a barrier, shielding the encapsulated bioactives from environmental factors, such as light, oxygen, and enzymatic degradation. This protection ensures enhanced stability and prolonged shelf life, which is particularly crucial for plant-based bioactives that are prone to degradation.
Furthermore, polymeric nanoformulations offer improved bioavailability and targeted delivery of plant bioactives. The small size and high surface area-to-volume ratio of polymeric nanoparticles allow for efficient cellular uptake and transport across biological barriers.[4] This enables better penetration of bioactives into specific tissues or cells, maximizing their therapeutic potential. Moreover, the controlled release capabilities of polymeric nanoformulations can be tailored to achieve sustained or triggered release profiles, allowing for optimized dosage regimens and minimizing side effects.[5]
In addition to their biomedical applications, polymeric nanoformulations have shown great promise in the field of plant science. By encapsulating plant bioactives and extracts, these nanoformulations can protect them from degradation during storage, transportation, and application. Furthermore, they can improve the solubility and dispersibility of hydrophobic plant compounds, enhancing their absorption and bioavailability in plant systems. This opens up new avenues for utilizing polymeric nanoformulations in areas such as agriculture, horticulture, and plant-based therapeutics.[6]
The advent of polymeric nanoformulations represents a significant advancement in the field of drug delivery and plant science. These nanostructures hold immense potential for improving the stability, bioavailability, and targeted delivery of plant bioactives and extracts. As research continues to evolve in this area, it is expected that polymeric nanoformulations will revolutionize the utilization of plant-based compounds, enabling their effective application in various sectors ranging from healthcare to sustainable agriculture.[6]
Polymeric nanoformulations fall under the broader category of pharmaceutical formulations. They are specifically classified as nanoparticulate drug delivery systems. Within the field of pharmaceuticals, polymeric nanoformulations can be further categorized based on their composition, structure, and intended application. Some common classifications include:
1. Polymeric Nanoparticles: These are nano-sized particles composed of polymeric materials, such as PLGA (poly lactic-co-glycolic acid), chitosan, PEG (polyethylene glycol), or PCL (polycaprolactone). They are used for encapsulating drugs or bioactive compounds and are designed to improve drug stability, solubility, and targeted delivery.
2. Polymeric Micelles: Micelles are self-assembled structures composed of amphiphilic block copolymers. They form nanosized spherical structures with a hydrophobic core and a hydrophilic shell. Polymeric micelles are used to encapsulate hydrophobic drugs and improve their solubility and targeted delivery.
3. Polymeric Lipid Hybrid Nanoparticles: These nanoformulations combine polymeric materials and lipids to create hybrid nanoparticles. The lipid component provides stability and enhanced drug encapsulation, while the polymeric component offers control over drug release and stability.
4. Dendrimers: Dendrimers are highly branched polymeric nanoparticles with a well-defined structure. They have a spherical shape and can encapsulate drugs within their interior or attach them to their surface. Dendrimers are known for their high drug-loading capacity and controlled release properties.
5. Polymer-Drug Conjugates: In this type of nanoformulation, the drug molecule is covalently attached to a polymeric carrier. The polymer acts as a carrier, providing stability and controlled release of the drug, while also facilitating targeted delivery.
Furthermore, various combinations and modifications of polymeric materials can be employed to create hybrid or multifunctional nanoformulations. The classification of polymeric nanoformulations is dynamic and continually evolving as new materials and strategies are developed for drug delivery applications.

A. Importance of Utilizing Polymeric Nanoformulations For Plant Bioactives And Extracts

Plant bioactives and extracts have gained significant attention due to their potential health benefits and wide-ranging applications in various industries. However, the effective utilization of these bioactive compounds is often hindered by challenges related to their stability, bioavailability, and targeted delivery. Polymeric nanoformulations have emerged as a valuable tool to overcome these limitations, offering numerous advantages for enhancing the utilization of plant bioactives and extracts. One of the key importance of utilizing polymeric nanoformulations lies in their ability to protect plant bioactives and extracts from degradation. Many bioactive compounds found in plants are highly sensitive to environmental factors, such as light, oxygen, heat, and enzymatic degradation. These factors can cause a loss of potency and reduced shelf life, limiting their effectiveness.[7] Polymeric nanoformulations act as protective carriers, encapsulating plant bioactives and extracts within a polymeric matrix. This encapsulation shields the bioactive compounds from degradation, preserving their structural integrity, and maintaining their bioactivity over extended periods. By enhancing stability, polymeric nanoformulations enable the utilization of plant bioactives and extracts in various applications, ranging from pharmaceuticals to nutraceuticals and functional foods.[8]
Another significant advantage of polymeric nanoformulations is their ability to improve the bioavailability of plant bioactives and extracts. Many bioactive compounds have poor solubility in water and low permeability across biological barriers, limiting their absorption and therapeutic efficacy. Polymeric nanoparticles can encapsulate hydrophobic plant compounds and enhance their solubility in aqueous media. The small size and high surface area-to-volume ratio of polymeric nanoparticles facilitate efficient cellular uptake and transport across biological barriers, such as the gastrointestinal tract or skin. This improved bioavailability enhances the therapeutic potential of plant bioactives and extracts, allowing for lower doses, reduced side effects, and increased efficacy.[9]
Polymeric nanoformulations offer the opportunity for targeted delivery of plant bioactives and extracts. The design of polymeric nanoparticles can be tailored to achieve site-specific delivery, ensuring that the bioactive compounds reach the intended target tissues or cells. Surface modifications of nanoparticles with ligands or antibodies enable active targeting, directing the nanoparticles to specific receptors or cellular markers. This targeted delivery approach improves the efficiency of bioactive compounds, reduces off-target effects, and increases the selectivity of their action. Polymeric nanoformulations thus enable the development of more precise and personalized approaches for utilizing plant bioactives and extracts in various therapeutic and agricultural applications.[9] The utilization of polymeric nanoformulations is of paramount importance in harnessing the full potential of plant bioactives and extracts. These nanoformulations offer protection against degradation, enhance bioavailability, and enable targeted delivery. By addressing the challenges associated with stability, solubility, and site-specific delivery, polymeric nanoformulations facilitate the development of innovative plant-based products and therapies.

II. ADVANCES IN POLYMERIC NANOENCAPSULATION TECHNIQUES

Nanoencapsulation refers to the process of enclosing active substances or payloads within nanoscale polymeric carriers, often termed nanoparticles. These nanoparticles can protect the encapsulated materials, enhance their stability, control their release, and improve their bioavailability. This article provides a detailed overview of the recent advances in polymeric nanoencapsulation techniques, highlighting their potential applications in various industries, particularly in pharmaceuticals and biomedical sciences.
1. Stimuli-Responsive Nanoencapsulation:
Researchers have made significant strides in developing stimuli-responsive polymeric nanoparticles. These nanoparticles can release their payloads in response to specific environmental cues, such as pH, temperature, enzymes, or light. By harnessing these triggers, researchers can achieve on-demand drug release, providing personalized and efficient therapy for various diseases.[10][11]
2. Surface Modification and Targeting:
Surface modification of polymeric nanoparticles has been a game-changer in achieving site-specific targeting and controlled drug release. Techniques like PEGylation, ligand conjugation, and biofunctionalization enable nanoparticles to evade the immune system, prolong circulation, and actively target specific cells or tissues. This has immense potential in cancer therapy, where targeted delivery can minimize side effects and improve treatment efficacy.[12]
3. Biodegradable polymers: 
Biodegradable polymers have gained significant attention due to their potential in reducing environmental impact and improving safety for biomedical applications. Recent advancements have led to the development of new biodegradable polymers with tunable properties for nanoencapsulation, enabling controlled drug release and reduced toxicity.[13]
4. Hybrid nanomaterials: 
Combining different types of polymers or incorporating other nanomaterials, such as lipids or inorganic nanoparticles, has shown enhanced stability and functionality of the nanoencapsulation systems. These hybrid nanomaterials can be engineered to have specific properties tailored to the desired application.[14]
5. Nanogels: 
Nanogels are three-dimensional polymeric networks that can encapsulate therapeutic agents. Recent advances have enabled the fabrication of nanogels with precise control over size, shape, and drug release kinetics, making them attractive for drug delivery and tissue engineering applications.[15]
6. Self-assembled nanoparticles: 
Utilizing self-assembly processes, researchers have been able to create nanoparticles with high encapsulation efficiency and stability. By allowing the polymers to self-assemble into organized structures, such as micelles or vesicles, it is possible to encapsulate drugs or other bioactive molecules more efficiently.[16]
7. Targeting strategies: 
Surface modification of polymeric nanoparticles with ligands, peptides, or antibodies has become more sophisticated, allowing for improved targeting and specific delivery to diseased tissues or cells. Active targeting strategies help enhance the selectivity and efficiency of therapeutic delivery.[17]

III. ENHANCING STABILITY AND BIOAVAILABILITY OF PLANT BIOACTIVES AND EXTRACTS
Plant bioactives are natural substances found in fruits and vegetables that influence cellular and physiological processes in humans and animals after consumption. They include plant sterols, carotenoids, tannins, betalains, anthocyanins, flavonoids, and glucosinolates, showcasing activities like anti-inflammatory, antioxidant, and anti-carcinogenic properties, protecting against various illnesses and metabolic disorders.[18] However, their stability can be influenced by factors such as temperature, light (especially UV light), oxygen, pH, and moisture. High temperatures and UV light can speed up degradation and reduce potency. Oxygen can create free radicals damaging bioactives, and moisture can lead to hydrolysis, reducing their effectiveness. Therefore, proper storage, processing, and utilization are essential for maintaining plant bioactives' stability. [19] [20]
A. Challenges In Stabilizing And Delivering Plant Bioactives And Extracts
Growing interest in plant bioactives and extracts, natural compounds found in plants, is driven by their potential health benefits. These compounds show antioxidant, anti-inflammatory, anticancer, and antimicrobial properties, leading to increased research and development efforts to incorporate them into food, pharmaceutical, and cosmetic products. However, utilizing plant bioactives and extracts in commercial applications faces challenges, particularly in stabilizing and delivering these compounds effectively.[21][22] [23] Therefore this note highlights some of the key challenges encountered in stabilizing and delivering plant bioactives and extracts.
1. Chemical Instability: 
Plant bioactives often exhibit inherent instability, making them susceptible to degradation from factors like light, heat, oxygen, and pH fluctuations. This degradation can result in a loss of their beneficial properties, diminishing the effectiveness of the end product.[24] 
2. Solubility Issues: 
Enhancing the solubility of bioactive compounds from plants is crucial to improve their bioavailability and efficacy. However, this poses a significant challenge in developing effective delivery systems for better absorption in the body. [25]
3. Bioavailability and Absorption: 
The successful delivery of plant bioactives into target tissues or cells is a challenging task. The body's intricate physiological processes can impede the absorption and bioavailability of these compounds, limiting their therapeutic potential. [26]
4. Interactions with Other Ingredients: 
Interactions between plant bioactives and other ingredients in formulations can impact stability and efficacy. Compatibility challenges with excipients or active pharmaceutical ingredients are significant concerns in various formulations. [27]
5. Regulatory Hurdles: 
Incorporating plant bioactives into commercial products involves complying with stringent regulatory guidelines. The lengthy and costly approval process can act as a barrier, impeding the development of products utilizing these compounds. [27]
6. Standardization and Quality Control: 
The chemical composition of plant extracts can vary considerably due to factors such as growing conditions, harvesting methods, and extraction processes. To deliver reliable and effective products, ensuring consistency and standardization of bioactive content in plant extracts is crucial. [28]
7. Delivery System Selection: 
Developing suitable delivery systems that safeguard plant bioactives during storage and transportation, while enabling controlled release at the desired location, is a complex task. [29]
8. Cost Considerations: 
The production and extraction of plant bioactives, especially from rare or low-yield sources, can be costly, limiting their commercial viability and accessibility to consumers. [30]

B. Role Of Polymeric Nanoformulations In Improving Stability And Bioavailability
Polymeric nanoformulations play a crucial role in enhancing the stability and bioavailability of plant bioactives and extracts. By encapsulating and protecting the bioactive compounds within a stable polymeric matrix, these nanoformulations offer numerous advantages over conventional delivery systems.[31] 
1. Protection against Degradation: 
Polymeric nanoformulations create a protective barrier around the encapsulated bioactive compounds, safeguarding them from environmental factors like light, heat, oxygen, and pH fluctuations. This protection prevents degradation, preserving the bioactive's chemical integrity, and enhancing its stability during storage and transportation. [32]
2. Enhanced Solubility: 
Polymeric nanoformulations improve the solubility of hydrophobic plant bioactives by encapsulating them within hydrophilic polymers. This enhancement enables better absorption and distribution in the body upon ingestion or application, addressing the issue of poor water solubility and increasing their bioavailability and effectiveness. [33]
3. Controlled Release: 
Polymeric nanoformulations enable controlled release of bioactive compounds by adjusting the properties of the polymer matrix. This tailored release matches specific therapeutic needs, preventing sudden spikes in bioactive concentrations and ensuring sustained efficacy over an extended period. [34]
4. Increased Bioavailability: 
The small size of polymeric nanoparticles enhances the cellular uptake and absorption of plant bioactives. These nano-sized carriers can pass through biological barriers like the gastrointestinal tract and cell membranes, leading to increased bioavailability of the encapsulated compounds. [4] 
5. Targeted Delivery: 
Functionalization of polymeric nanoparticles allows for targeted delivery of plant bioactives to specific tissues or cells. Ligands or receptors can be attached to the nanoparticle surface, guiding them to the desired site of action, minimizing off-target effects, and improving therapeutic outcomes.[35]
6. Stability during Processing: 
Polymeric nanoformulations play a protective role during the formulation of products with plant bioactives. They safeguard these compounds from degradation caused by processing conditions, like heating or blending, which could otherwise compromise their stability.[36] 
7. Compatibility with Formulations: 
Polymeric nanoformulations offer easy incorporation into diverse product formulations, such as food, pharmaceuticals, and cosmetics. Their compatibility with different matrices ensures efficient delivery of plant bioactives without compromising the properties of the final product.[37]  
8. Reduced Dose and Side Effects: 
The improved bioavailability and targeted delivery of polymeric nanoformulations allow for the use of lower doses of bioactives while achieving the desired therapeutic effects. This can minimize potential side effects associated with higher dosages.[38]
9. Long-term Stability: 
Well-designed polymeric nanoformulations offer long-term stability to plant bioactives, prolonging their shelf life and enhancing the overall efficacy of products incorporating these compounds.[36] 

IV. TAILORING POLYMERIC NANOFORMULATIONS FOR SPECIFIC PLANT APPLICATIONS


A. Customizing Polymeric Nanoformulations For Targeted Delivery And Efficacy

Polymeric nanoformulations have shown immense promise in the field of plant sciences by enabling targeted delivery of bioactive compounds to specific plant tissues and improving their efficacy. These nanoformulations involve the encapsulation of plant bioactives, such as pesticides, fertilizers, growth regulators, and beneficial microorganisms, within nanoscale polymeric carriers. Following are the key strategies for customizing polymeric nanoformulations to achieve targeted delivery and enhance efficacy for specific plant applications.
1. Selection of Biocompatible and Biodegradable Polymers:
The choice of polymer is crucial in designing polymeric nanoformulations. Biocompatible and biodegradable polymers are preferred to ensure that the nanoparticles are safe for plants and do not cause environmental harm. Polymers like poly(lactic-co-glycolic acid) (PLGA), chitosan, starch, and cellulose derivatives are commonly used due to their biocompatibility and ability to degrade into non-toxic byproducts.[39]
2. Surface Modification for Targeting:
Surface modification of polymeric nanoparticles allows for active targeting to specific plant tissues or cell types. Ligands, antibodies, or peptides can be conjugated to the nanoparticle surface to recognize and bind to receptors present on the target cells. This approach enhances the accumulation of nanoparticles in the desired plant parts and reduces off-target effects.[40]
3. Stimuli-Responsive Nanoparticles:
Stimuli-responsive polymeric nanoparticles respond to specific environmental cues, such as pH, temperature, enzymes, or light. These nanoparticles can release their payload in response to these stimuli, allowing for controlled and triggered drug release. For plant applications, such nanoparticles can be designed to release bioactive compounds in response to specific plant physiological conditions or pest/disease presence.[41]
4. Encapsulation Of Multiple Bioactives:
Polymeric nanoformulations allow for the encapsulation of multiple bioactive compounds in a single nanoparticle. This capability is particularly beneficial for combination therapies, where different compounds can work synergistically to enhance plant growth, protection, or nutrient uptake. By controlling the ratios of different bioactives, the formulation can be tailored for optimal effects.[42]
5. Nanoencapsulation of Beneficial Microorganisms:
Polymeric nanoparticles can encapsulate beneficial microorganisms, such as mycorrhizal fungi and plant growth-promoting bacteria. These nanoparticles protect the microorganisms during application, improve their survival and colonization in the rhizosphere, and enhance their beneficial effects on plant growth, nutrient uptake, and stress tolerance.[43]
6. Release Kinetics and Sustained Delivery:
By carefully selecting the polymer composition and formulation parameters, the release kinetics of the encapsulated bioactives can be tailored. Sustained release over an extended period ensures a continuous supply of the active compounds to the plants, reducing the need for frequent applications and enhancing the overall efficacy.[40]
7. Size and Surface Charge:
The size and surface charge of nanoparticles influence their cellular uptake and distribution within plant tissues. Smaller nanoparticles generally have better cellular penetration, while surface charge affects their interaction with plant cell membranes. Customizing these parameters can optimize the uptake and distribution of the nanoformulations within plants.[40]

B.  Suitable Natural Polymers For Polymeric Nano Formulations
Several natural polymers have been commonly used in polymeric nano formulations due to their biocompatibility, biodegradability, low toxicity, and ease of processing. These natural polymers have found various applications in drug delivery, tissue engineering, and nanomedicine. Some of the commonly used natural polymers are discussed below.
1. Chitosan: 
Chitosan is derived from chitin, a polysaccharide found in the exoskeleton of crustaceans such as shrimp and crab. It is biocompatible, biodegradable, and has excellent mucoadhesive properties, making it suitable for drug delivery systems, especially for oral, nasal, and ocular administration.[44][45]
2. Alginate: 
Alginate is extracted from brown seaweeds and is widely used for the preparation of nanoparticles and hydrogels. It forms a gel upon exposure to divalent cations, such as calcium ions, making it suitable for controlled release of drugs and encapsulation of cells.[46][47]
3. Hyaluronic Acid (HA): 
HA is a glycosaminoglycan naturally present in the extracellular matrix of connective tissues. It is biocompatible, non-immunogenic, and has high water-binding capacity. HA-based nanoformulations are used in drug delivery, wound healing, and tissue engineering applications.[48]
4. Gelatin: 
Gelatin is a denatured form of collagen, obtained from animal sources like bovine or porcine skin and bones. It has been used in the development of nanostructured delivery systems for drugs, proteins, and genes due to its biodegradability and biocompatibility.[49]
5. Starch: 
Starch is a natural carbohydrate polymer obtained from plant sources like corn, wheat, or potatoes. It has been used in nanoparticulate systems for drug delivery and encapsulation due to its availability, low cost, and biodegradability.[50][51]
6. Cellulose and Derivatives: 
Cellulose is the main component of the plant cell wall. Cellulose derivatives like methylcellulose, hydroxypropyl cellulose, and carboxymethyl cellulose have been utilized in various nanoformulations for drug delivery and other biomedical applications.[52][53]
7. Dextran: 
Dextran is a glucose-based polymer produced by bacteria during the fermentation of sucrose. It has been used in the formulation of nanoparticles for drug delivery and imaging applications.[54]
8. Polyhydroxyalkanoates (PHAs): 
PHAs are naturally occurring biodegradable polymers synthesized by certain bacteria as energy storage compounds. These polymers have gained attention in nanoformulations for drug delivery and tissue engineering applications.[55]

C. Polymeric Nano Formulations For Specific Plant Applications

1. Polymeric Nano herbicides: 
Weeds compete with crops for water, light, and nutrients, leading to the use of herbicides in crop fields. While herbicides are essential for maximizing agricultural productivity, their indiscriminate use has negative environmental and health impacts. To address these concerns, polymeric nanocarriers for herbicides have been developed, offering enhanced effectiveness against target organisms, biodegradability, low toxicity, and reduced environmental impact. For instance, metribuzin combined with PCL nanoparticles showed increased efficacy against weeds without affecting soil or environmental persistence. Atrazine-loaded PCL nanocapsules also demonstrated greater post-emergent herbicidal action than traditional atrazine, allowing for a ten-fold reduction in application dose and minimizing environmental damage. [56] [57][58][59].
2. Polymeric nano fungicides: 
There is a pressing need for novel, highly effective antifungal medicines due to fungi posing a serious threat to plant production.[60] Disease management for food crops is crucial, and fungicides play a key role in protecting crops from pests and diseases. Pests cause about 35% of global crop losses, with poorer nations experiencing a higher rate of 48%. Plant diseases caused by bacteria, fungus, and viruses account for about one-third of these losses, impacting product quality and both human and animal health. Nano fungicides, with their unique physiochemical properties, can combat plant ailments by delivering active ingredients in a controlled manner and improving their bioavailability.[61] Their effectiveness, gradual release, and compatibility with fertilizers enhance plant development and resilience against various challenges. Improved nanoparticle qualities offer a promising solution for reducing the environmental impact of undesirable compounds, especially in the case of plant protectants. For example, when compared to bulk materials, nano-sulfur has been shown to be more effective in controlling the growth of the okra fungus Erysiphe cichoracearum at a concentration of 1000 parts per million. In fact, nano-sulfur outperforms regular sulfur fungicides and commercial formulations, enabling its use in smaller, more efficient doses to effectively combat powdery mildew illness.[62] 
3. Polymeric nano insecticide: 
Insects are the most diverse organisms on Earth, with over one million documented species. While some insects provide beneficial services like pollination and pest control, others harm crop production and storage. To combat harmful insects, pesticides are commonly used, but they can also be hazardous to non-target organisms. To address this, researchers have developed polymeric nanoparticles carrying insecticides, known as nano insecticides, which offer increased efficiency and lower toxicity. These nano formulations have advantages over conventional insecticides, including higher efficacy, increased solubility, and systemic activity.[63] There is a growing interest in replacing synthetic insecticides with natural alternatives, such as botanical insecticides derived from plant extracts and essential oils. Neem essential oil, extracted from Azadirachta indica, is one of the widely used botanical insecticides due to its effectiveness against insects and low toxicity to non-target organisms.[64] Nanotechnology could further enhance the application of natural insecticides. Studies have shown that chitosan nanoparticles and neem oil-loaded PCL nanocapsules exhibited promising effects in controlling harmful insects like Helicoverpa armigera and Plutella xylostella, respectively.[65]
4. Polymeric nanoparticles containing plant growth regulators: 
Plant growth regulators (PGRs) play a crucial role in facilitating plant survival under adverse conditions by regulating growth, development, and physiological processes.[66] PGRs encompass various hormones like auxins, cytokinins, gibberellins, ethylene, abscisic acid, brassinosteroids, and nitric oxide (NO).[67] However, excessive application of PGRs can be phytotoxic, necessitating controlled release methods for their optimal use. Recent groundbreaking research focused on polymeric nanoparticles as carrier systems for PGRs, showing the effectiveness of chitosan/tripolyphosphate nanoparticles encapsulating the NO donor S-nitroso-mercaptosuccinic acid (S-nitroso-MSA) in protecting maize plants from salt stress. These nanoparticles exhibit continuous NO release due to strong electrostatic interactions with the chitosan core, enabling their application in diverse biomedical and agricultural contexts.[68] Similarly, alginate/chitosan and chitosan/tripolyphosphate nanoparticles have been developed as controlled release systems for gibberellic acid (GA3), leading to improved plant growth and overcoming seed dormancy. The nanocarrier systems offer slow release, increased solubility, and protection of GA3 from degradation, making them promising tools for agricultural applications.[69][70]

V. NANOTOXICITY AND SAFETY CONSIDERATIONS
Nanotoxicology aims to assess the adverse impacts of nanomaterials on human health and the environment. Employing a multidisciplinary team approach, it combines expertise from toxicology, biology, chemistry, physics, material science, geology, exposure assessment, pharmacokinetics, and medicine to establish and detect the harmful effects of manmade nanomaterials.[71]
In nanomaterial toxicity assessment, factors like exposure time, dose, aggregation and concentration, particle size and shape, and surface area and charge are crucial.[72] Smaller nanomaterials have increased surface area, facilitating more molecule attachment and raising their harmful impact. Additionally, different-sized particles can accumulate in various lung regions and be expelled at different rates.[73]Particle surface, surface chemistry, and charge are critical properties influencing the interaction of nanomaterials with the biological microenvironment. Nanomaterials may have coatings with positive or negative charges based on their function. Evaluating surface chemistry can be achieved using electron and atomic force microscopes for topographic characterization. Studies have indicated that these factors significantly impact the toxicity rate of nanoparticles.[74] Inhaling nanomaterials can lead to dose-dependent hazardous consequences. Relying solely on mass concentration measurement in toxicological dosage evaluation may produce inaccurate results and fails to fully explain the connection between nanomaterials and exposed tissue, as per recent research findings.[75]
A. Assessment Of Potential Risks And Toxicity Associated With Polymeric Nanoformulations
1. Physicochemical Characterization:
One of the fundamental steps in risk assessment is the comprehensive physicochemical characterization of the polymeric nanoformulations. This includes determining particle size, shape, surface charge, surface chemistry, and aggregation state. These characteristics play a crucial role in their biological interactions and potential toxicity.[76][77][78]
2. Cellular Uptake and Biodistribution:
Understanding the cellular uptake and biodistribution of polymeric nanoparticles is critical to assessing their potential toxicity. Studies should investigate how these nanoparticles interact with different cell types and tissues and whether they accumulate in specific organs or cross biological barriers.[79][80]
3. In Vitro Cytotoxicity Studies:
In vitro studies are conducted to assess the cytotoxicity of polymeric nanoformulations using various cell lines. These studies help identify the potential adverse effects of nanoparticles on cell viability, proliferation, and cellular processes. Additionally, they can indicate the impact of nanoparticle properties on their toxicity.[81]
4. In Vivo Toxicity Studies:
In vivo toxicity studies are essential to evaluate the systemic effects of polymeric nanoformulations in living organisms. These studies involve administering nanoparticles to animal models to assess their acute and chronic toxic effects on different organs and systems. It helps determine the maximum tolerated dose and potential accumulation in organs.[82]
5. Immunotoxicity Assessment:
Polymeric nanoformulations can interact with the immune system, leading to immunomodulatory effects. Immunotoxicity assessment is crucial to understanding how these nanoparticles may influence immune responses and whether they trigger inflammatory or allergic reactions.[83]
6. Genotoxicity and Mutagenicity Studies:
Genotoxicity and mutagenicity studies assess whether polymeric nanoformulations have the potential to damage DNA or induce mutations. These studies are vital to evaluating the long-term safety of nanoparticles.[84] 
7. Biotransformation and Metabolism:
Investigating the biotransformation and metabolism of polymeric nanoformulations provides insights into how they are processed and cleared by the body. Understanding these processes helps predict potential accumulation and persistence in different organs.[85][86]
8. Environmental Impact Assessment:
Apart from human health concerns, the environmental impact of polymeric nanoformulations should also be assessed. Studies should investigate nanoparticle behavior in the environment, potential bioaccumulation, and their effects on non-target organisms.[87][88]


VI. INTEGRATION OF POLYMERIC NANOFORMULATIONS IN SUSTAINABLE AGRICULTURE
Sustainable agriculture aims to meet the current and future demands for agricultural products while preserving the environment and promoting the well-being of farmers and consumers. Traditional agricultural practices often involve the excessive use of agrochemicals, leading to environmental pollution, development of resistance in pests and pathogens, and health hazards for farmers. The integration of polymeric nanoformulations in agriculture offers a solution to mitigate these issues by improving the efficacy and eco-friendliness of agrochemicals. Polymeric nanoparticles are constructed using biodegradable and biocompatible polymers. They have unique properties, such as high surface area, tunable release kinetics, and the ability to encapsulate various agrochemicals.[89] The contributions of polymeric nanoformulations to sustainable agriculture are numerous and include:
a. Enhanced Targeted Delivery: 
Polymeric nanoformulations enable precise and targeted delivery of agrochemicals to specific plant tissues or pests. By reducing off-target effects, farmers can use lower amounts of pesticides and fertilizers, minimizing environmental pollution and preserving biodiversity. [90]
b. Controlled Release of Agrochemicals: 
Polymeric nanoparticles offer controlled-release capabilities, delivering agrochemicals gradually over an extended period. This sustained release ensures prolonged efficacy and reduces the frequency of application, thereby saving resources and minimizing potential risks to the environment and human health.[91]
c. Minimization of Soil Contamination: 
The targeted delivery and controlled release of pesticides through nanoformulations reduce their accumulation in soil, preventing long-term contamination and promoting soil health.[92]
d. Resistance Management: 
By utilizing polymeric nanoformulations, the development of resistance in pests and diseases to agrochemicals can be mitigated. The precise delivery of active ingredients hampers the development of resistance, maintaining the effectiveness of these inputs for longer periods.[93]
e. Water Conservation: 
Nanoformulations aid in increasing water use efficiency in crops. Controlled release of water-absorbing polymers helps retain moisture in the soil, reducing irrigation requirements and conserving water resources.[94]
f. Biodegradability and Environmental Safety: 
Most polymeric nanoformulations are biodegradable and pose minimal risk to the environment. As a result, they are less harmful to beneficial organisms and ecosystems, aligning with sustainable agriculture principles.[95]
g. Applications in Crop Protection:
i. Pesticides and Insecticides: 
Polymeric nanoformulations can encapsulate pesticides and insecticides, reducing their off-target drift and providing controlled release, which prolongs their effectiveness and minimizes the environmental impact.[63]
ii. Fungicides: 
Nanoformulations can protect crops from fungal diseases more efficiently, leading to reduced application frequency and lower chemical load in the environment.[60]
iii. Herbicides: 
Controlled release of herbicides through nanoformulations ensures prolonged weed control while minimizing herbicide usage.[58]
h. Nutrient Delivery:
i. Fertilizers: Polymeric nanoparticles can enhance nutrient uptake by plants and reduce nutrient leaching, leading to improved crop yields and minimized environmental pollution.[96]
ii. Micronutrients: Nanoformulations enable targeted delivery of essential micronutrients to specific plant tissues, optimizing nutrient utilization.[97] 

A. Environmental Impact and Regulatory Aspects Of Polymeric Nanoformulation
The integration of polymeric nanoformulations in sustainable agriculture holds great promise in revolutionizing farming practices, offering enhanced crop protection, controlled nutrient delivery, and improved water and soil management.[98] However, as with any emerging technology, it is crucial to assess their potential environmental impact and address regulatory aspects to ensure their safe and responsible use.[99]
Environmental Impact:
1. Nanoparticle Fate and Behavior: 
Understanding how polymeric nanoparticles behave in the environment is essential to determine their potential impacts. Research should focus on nanoparticle mobility, persistence, and interactions with soil, water, and living organisms to identify any long-term effects on ecosystems. [100]
2. Ecotoxicity and Non-Target Effects: 
Evaluating the ecotoxicity of polymeric nanoformulations is vital to determine their effects on non-target organisms such as beneficial insects, aquatic life, and soil microorganisms. Studying their impact on ecosystem health and biodiversity helps mitigate unintended consequences.[101]
3. Soil and Water Contamination: 
The release of nanoparticles into agricultural fields may lead to soil and water contamination. Investigating the potential accumulation of nanoparticles in the food chain and their implications for human health and the environment is essential.[102]
4. Bioaccumulation: 
Understanding the potential bioaccumulation of nanoparticles in plants and animals is critical to assessing the safety of using polymeric nanoformulations in agriculture and preventing long-term accumulation in the food chain.[101]
Regulatory Aspects:
1. Risk Assessment: 
Conducting robust risk assessments is necessary to evaluate the environmental and health risks associated with polymeric nanoformulations. This aids in determining appropriate usage guidelines and ensuring their safe application.[103]
2. Labeling and Reporting: 
Implementing clear labeling and reporting requirements for products containing polymeric nanoformulations is crucial to inform farmers and consumers about their use and potential risks.[104]
3. Regulation of Environmental Release: 
Regulations should be in place to control the deliberate release of nanoparticles into the environment and set thresholds for permissible levels in soil and water systems.[105]
4. International Cooperation: 
Collaborative efforts between countries to set regulatory standards will promote global harmonization and ensure uniform safety measures for polymeric nanoformulations in sustainable agriculture.[106]
5. Monitoring and Surveillance: 
Implementing monitoring and surveillance programs can track the behavior and impact of nanoparticles in the environment over time, enabling informed decision-making and adaptive regulatory measures.[107]

VII. FUTURE PERSPECTIVES AND RESEARCH DIRECTIONS

Polymeric nanoformulations show great promise and potential in diverse fields, including medicine, agriculture, cosmetics, and industry. Despite their current applications, there are still numerous unexplored opportunities for these nanomaterials. Ongoing research is likely to drive significant progress in targeted drug delivery, combination therapies, immunotherapies, brain drug delivery, personalized medicine, and agricultural applications.[108][109]
The treatment of neurodegenerative diseases, like Alzheimer's and Parkinson's, remains challenging due to the blood-brain barrier. However, polymeric nanoformulations offer a new approach by enabling the delivery of therapeutic agents directly to the brain, potentially managing these debilitating conditions more effectively.[110]
Immunotherapies have shown remarkable success in cancer treatment, but their effectiveness varies among patients. Using polymeric nanoformulations to deliver immune checkpoint inhibitors and other immunotherapy enhancers could enhance patient response rates and reduce adverse effects.[111]
In the agricultural sector, beyond their current applications, polymeric nanoformulations present exciting possibilities for precision agriculture. By facilitating targeted delivery of nutrients, growth regulators, and pesticides tailored to specific plant and soil conditions, these formulations could revolutionize farming practices.
Furthermore, polymeric nanoformulations hold potential for environmental remediation. They could be employed to deliver compounds that degrade pollutants, capture heavy metals, or promote the growth of beneficial microorganisms, restoring ecological balance in polluted environments. With  carefull consideration of safety and environmental impact, polymeric nanoformulations have the capacity to transform healthcare and enhance the quality of life for millions of people worldwide. [112]
VIII. DISCUSSION & CONCLUSION
The advances in polymeric nanoencapsulation techniques have provided powerful tools to encapsulate a wide range of plant bioactives, enhancing their stability, controlled release, and targeted delivery. These techniques enable the formulation of bioactive-loaded nanoparticles with tailored physicochemical properties, promoting their efficient interaction with plants for optimal effects. Enhancing the stability and bioavailability of plant bioactives and extracts through polymeric nanoformulations addresses critical challenges in their application. Nanoencapsulation protects these bioactives from degradation and improves their solubility, ensuring their sustained release and prolonged activity in plant tissues. This advancement allows for efficient nutrient delivery, enhanced pest management, and improved stress tolerance, ultimately leading to increased crop productivity and sustainability in agriculture.
Tailoring polymeric nanoformulations for specific plant applications is an exciting prospect. Surface modifications and nanoparticles that respond to stimuli present opportunities for precise delivery, ensuring the bioactive compounds are localized within plants effectively while reducing unintended effects on non-target areas. By formulating the nanoparticles to match specific growth stages, environmental stresses, and nutrient needs of plants, precision agriculture can be achieved, leading to a transformative approach in managing crops. As research progresses, nanotoxicity and safety considerations remain of utmost importance. Understanding the potential risks and interactions of polymeric nanoparticles with plants and the environment is crucial for responsible implementation. Comprehensive toxicity assessments and standardized safety protocols will ensure the sustainable use of these nanoformulations, promoting safe and environmentally friendly agricultural practices. Future perspectives and research directions in this field are vast. Exploring unexplored opportunities, such as non-invasive plant treatments, microbiome modulation, and nanoscale vaccines for plants, presents exciting possibilities for further advancements. Additionally, interdisciplinary collaborations, technological innovations, and regulatory guidance will play vital roles in harnessing the full potential of polymeric nanoformulations for plant bioactives and extracts.
In summary, the integration of polymeric nanoformulations with plant bioactives and extracts opens up a new era of innovative solutions in agriculture and plant sciences. By capitalizing on the advances in polymeric nanoencapsulation techniques, enhancing stability, targeting specific plant applications, addressing nanotoxicity concerns, and considering future perspectives, we can propel agricultural practices towards sustainability, increased crop yields, and improved global food security. This multidisciplinary field offers exciting opportunities to revolutionize agriculture, mitigating challenges faced by modern farming and paving the way for a greener and more productive future.
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