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Abstract 
Conventional chemical pesticides pose severe threats to global soil ecosystems, causing microbial dysbiosis, heavy metal 
accumulation, and long-term environmental degradation. To mitigate these ecological hazards, the green synthesis of 
biodegradable nanopesticides has emerged as a revolutionary, eco-friendly alternative. This review provides a comprehensive 
analysis of soil pollution driven by synthetic agrochemicals and explores the mechanisms of green synthesis using plant 
extracts, microbial matrices, and agricultural waste. Furthermore, it evaluates the environmental fate, soil degradation 
pathways, and biocompatibility of these green alternatives. By synthesizing current empirical data, this paper outlines the path 
forward for integrating biodegradable nanopesticides into sustainable agricultural frameworks. 
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Introduction 
Modern agriculture relies heavily on chemical inputs to 
meet the food demands of a growing global population. 
However, the intensive application of synthetic pesticides 
has led to catastrophic soil pollution, non-target toxicity, 
and diminished soil fertility [1, 2]. Persistent organic 
pollutants (POPs) cycle through the pedosphere, entering 
food chains and disrupting vital terrestrial ecosystems [3]. To 
address this crisis, nanotechnology combined with green 
chemistry offers a sustainable alternative. Green synthesis 
utilizes biological entities such as plant extracts, fungi, 
bacteria, and agricultural biopolymers to reduce and 
stabilize nanoparticles [4, 5]. When engineered as pesticides, 
these agents exhibit targeted delivery, controlled release, 
and rapid environmental degradation. This review examines 
the intersection of soil conservation and green 
nanotechnology, focusing on the synthesis, efficacy, and 
biodegradability of next-generation biopesticides. 
 
Soil Pollution and the Agrochemical Crisis 
The accumulation of synthetic pesticides in the topsoil layer 
triggers a cascade of ecological degradation. Traditional 
formulations suffer from low target efficiency, with over 
90% of applied chemicals lost to the surrounding 
environment through leaching, volatilization, and surface 
runoff [1]. 
 
1. Impact on Soil Microbiome and Enzymatic Activity 
Synthetic pesticides radically alter the composition of 
beneficial soil microbiota. Microorganisms responsible for 
nitrogen fixation (Rhizobium, Azotobacter) and phosphorus 
solubilization are highly susceptible to chemical toxicity. 
Furthermore, vital soil enzymes such as urease, 
dehydrogenase, and acid phosphatase which serve as key 
indicators of soil health are significantly inhibited by 
chronic exposure to organophosphates and organochlorines 
[2, 6]. This enzymatic suppression halts nutrient cycling, 
leading to long-term soil infertility. 

2. Bioaccumulation and Food Chain Transfer 
Because many commercial pesticides are lipophilic and 
resistant to photolytic or microbial degradation, they persist 
in the soil matrix for decades. Plants cultivated in 
contaminated soils absorb these toxic residues through their 
root systems [3]. This leads to biomagnification across 
trophic levels, ultimately posing severe carcinogenic and 
mutagenic risks to human consumers. 
 
Principles of Green Synthesis in Nanopesticides 
Green synthesis eliminates the need for toxic reducing 
agents such as sodium borohydride and hazardous organic 
solvents typical of conventional chemical synthesis. Instead, 
it leverages the natural antioxidant and reductive capacities 
of biological organisms [4]. 
 
1. Plant-Mediated Synthesis (Phytosynthesis) 
Plant extracts serve as excellent bio-reducants and capping 
agents due to their high concentration of secondary 
metabolites. Polyphenols, flavonoids, terpenoids, and 
alkaloids present in leaf, root, or fruit extracts readily reduce 
metal ions such as Ag+, Cu2+, or Zn2+ into stable, nano-scale 
particles. The capping action of these biomolecules prevents 
nanoparticle agglomeration and adds secondary 
antimicrobial properties to the final formulation [7]. 
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2. Microbial and Biosurfactant-Mediated Synthesis 
Bacteria, fungi, and actinomycetes are biological factories 
capable of intracellular or extracellular nanoparticle 
synthesis. Microbial enzymes, such as NADH dependent 
reductases, facilitate controlled metal reduction [8]. 
Additionally, microbially produced biosurfactants like 
rhamnolipids, lipopeptides act as eco-friendly stabilizing 
agents, yielding highly uniform nanoparticle dispersions 
with minimal environmental toxicity. 
 
3. Agricultural Waste Valorization 
Utilizing crop residues such as rice husk, sugarcane bagasse, 
and citrus peels aligns nanochemical synthesis with circular 
economy principles. Cellulose, hemicellulose, and lignin 
extracted from these wastes are easily functionalized into 
biodegradable polymeric matrices, nanocellulose carriers, or 
silica-based nanoformulations [9]. 
 
Types and Mechanisms of Green Biodegradable 
Pesticides 
Green-synthesized pesticides are categorizeable based on 
their structural core and carrier systems. They operate 
through targeted, multi-site mechanisms that reduce the 
likelihood of pest resistance. 
 
1. Biopolymer-Based Nanoencapsulations 
Natural biopolymers including chitosan, alginate, starch, 
and gelatin are widely used to encapsulate botanical 
essential oils or green nanoparticles [10]. These matrices 
protect volatile active ingredients from premature 
photodegradation and enable a slow, controlled release 
triggered by specific environmental cues like soil pH or 
moisture levels. 
 
2. Green Metallic and Metal-Oxide Nanoparticles 
Green-synthesized silver (Ag), copper oxide (CuO), and 
zinc oxide (ZnO) nanoparticles exhibit potent antimicrobial, 
antifungal, and insecticidal properties [11]. They disrupt pest 
physiology by: 
 Inducing severe oxidative stress via Reactive Oxygen 

Species (ROS) generation. 
 Disrupting cellular membrane integrity. 
 Binding to intracellular proteins and nucleic acids, 

halting replication. 
 
Environmental Fate and Soil Degradation Pathways 
The primary advantage of green-synthesized biopesticides 
over synthetic counterparts is their eco-friendly 
environmental fate profile. 
 
 
1. Biotic and Abiotic Degradation 
Once their targeted pest-control function is complete, 
biopolymer carriers and organic caps undergo rapid 
enzymatic breakdown by native soil fungi and bacteria such 
as Aspergillus and Bacillus species. Metallic cores safely 
transition into ionic forms that match natural soil 
background trace levels, preventing toxic accumulation [12]. 
Abiotic factors, including solar ultraviolet (UV) radiation 
and soil moisture hydrolytic pathways, accelerate this 
breakdown into benign base molecules. 
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2. Ecotoxicological Assessment and Biosafety 
Ecotoxicity assays confirm that green-synthesized pesticides 
present exceptionally low toxicity to non-target terrestrial 
organisms. Earthworms (Eisenia fetida), vital for soil 
aeration and organic matter humification, show high 
survival rates and zero histological damage when exposed to 
green nanoformulations [13]. Furthermore, these 
biodegradable alternatives do not leach into deeper soil 
strata, protecting groundwater aquifers from chemical 
runoff. 
 
Challenges, Regulatory Frameworks, and Future 
Perspectives 
Despite their immense potential, transitioning green 
pesticides from laboratory scale to industrial production 
faces several hurdles: 
 Batch-to-Batch Variability: Variations in plant extract 

composition due to geographic, seasonal, and climatic 
factors complicate standardization. 

 Cost of Scalability: Developing large-scale bioreactors 
for microbial synthesis requires substantial initial 
capital. 

 Regulatory Ambiguity: Current pesticide registration 
frameworks lack specific guidelines for green-
synthesized nanoformulations, delaying commercial 
approval. 

 
Future research must focus on genetic standardization of 
biological sources, optimizing cost-effective mass 
production, and establishing international safety metrics to 
accelerate commercial adoption. 
 
Conclusion 
Soil pollution from synthetic pesticides demands a swift 
transition toward sustainable agricultural chemistry. Green-
synthesized biodegradable pesticides offer a highly 
effective, ecologically viable solution. Utilizing nature's 
own molecular toolkit enables these formulations to control 
agricultural pests effectively while preserving soil microbial 
diversity, safeguarding enzyme profiles, and degrading into 
non-toxic residues. Integrating these green technologies into 
global integrated pest management (IPM) systems is 
essential for restoring soil health and ensuring long-term 
food security. 
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