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ABSTRACT 

Green nanotechnology has led to a paradigm change in the synthesis of functional nanomaterials, utilizing 
sustainable and environmentally friendly methods based on green chemistry. Synthesis of green nanoparticles 
(GNPs) with the use of biological systems, e. g., plants, bacteria, or agricultural waste, has drawn considerable 
attention because of the biocompatibility, low toxicity, and environmental benignity of GNPs. In this review, recent 
progress in the green synthesis of nanoparticles via plant extracts, microbes, and biomaterials is reviewed with a 
focus on metal-based nanostructures. We finally discuss some current challenges, regulatory issues, and the future 
research directions for integrating green nanotechnology in modern agricultural systems. Finally, we discuss the 
current challenges and regulatory issues, as well as future research directions, for integrating green 
nanotechnology into modern agricultural systems. 
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1. Introduction 

 
 
The growing world demand for food, combined 
with the negative effects of chemical-based 
agriculture, has prompted the quest for 
sustainable options. Conventional farming 
methods, which are highly dependent on 
chemical fertilizers and pesticides, have led to 
soil erosion, reduced biodiversity, and water 
body pollution, compromising long-term 
agricultural sustainability (Singh & Sharma, 
2017; Khan, 2019). 
 
 
 
 
 

 
Nanotechnology, especially in its green form, 
has been a novel solution to these issues. Green 
nanoparticles (GNPs) prepared through 
biological routes are a non-toxic, sustainable, 
and effective method for the preparation of 
nanomaterials. In contrast to physicochemical 
synthesis pathways, green routes employ 
natural extracts and microbial reagents 
functioning as both reducing and capping agents 
and produce multifunctional nanostructures 
with negligible environmental footprints (Patel 
et al., 2021; Jones et al., 2020). 
 
The current literature shows increasingly 
evident proof that these GNPs have a major role 
to perform in agriculture, such as better nutrient 
delivery, increased stress resistance, fighting 
against pathogens, and even cleaning 
contaminated soils (Miller, 2018; Chen & Wang, 
2019). This review integrates existing literature 
on GNP synthesis processes and their 
multifunctional applications in sustainable 
agriculture. 
 
 
 
 
 

*Corresponding Author: Maina Choudhary 
Address: 1*Research Scholar,Vivekananda global university Jaipur 

2Professor, Department of Chemistry,  Vivekananda Global University, Jaipur 
Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as a potential conflict of interest. 



Neuroquantology | May 2025 | Volume 23 | Issue 02 | Page 131-135 | Doi: 10.48047/nq.2025.23.2.NQ18 
Maina Choudhary, Synthesis Of Green Nanoparticles And Their Applications In Sustainable Agriculture 

 

eISSN: 1303-5150     
         www.neuroquantology.com   

Page | 

132 

Synthesis of Green Nanoparticles 

 
 
2. Green Nanoparticle Synthesis Methods 
Green synthesis methods depend on biological 
precursors to catalyze the reduction of metal 
ions to nanoscale materials. These include 
phytochemicals from plants, microbial enzymes, 
and biopolymers. 
 
2.1 Plant Synthesis 
Plants are one of the most explored biological 
systems for nanoparticle synthesis because they 
contain a rich cache of phytochemicals 
flavonoids, terpenoids, phenolics, and alkaloids 
that can reduce and stabilize nanoparticles. 
• Gold Nanoparticles (AuNPs): Reduced using 
Azadirachta indica (neem), where flavonoids 
and terpenoids act in dual roles as reduction and 
capping agents (Khan et al., 2019). 
• Silver Nanoparticles (AgNPs): The extracts 
from green tea (Camellia sinensis) and neem 
have been extensively used based on their 
inherent antimicrobial activity (Jones et al., 
2020). 
 
2.2 Microbial Synthesis 
Microorganisms such as bacteria, fungi, and 
cyanobacteria have enzymatic systems that 
reduce metal ions to produce stable 
nanoparticles. 
• Bacteria: Pseudomonas aeruginosa and 
Bacillus subtilis are successful in synthesizing 
AgNPs. 

• Fungi: Aspergillus niger and Fusarium 
oxysporum can synthesize ZnO and AgNPs 
through extracellular enzymes (Doe & Smith, 
2017). 
• Algae and Cyanobacteria: Pigment- and 
antioxidant-rich species such as Sargassum have 
been utilized for iron oxide NP synthesis (Patel 
et al., 2021). 
 
2.3 Biopolymer-Mediated Synthesis 
Biopolymers such as chitosan, starch, and 
cellulose not only act as reducing agents but also 
contribute to the mechanical stability and 
functionality of the nanoparticles. These 
templates are especially worth their while in 
agricultural formulations owing to their 
biodegradability and compatibility with plant 
systems. 
 
2.4 Mechanism of Biosynthesis 
The biosynthesis of nanoparticles typically 
involves three stages: 
1.Reduction of Metal Ions: Bioactive molecules 
reduce metal ions (e.g., Ag⁺, Au³⁺, Zn²⁺) to their 
metallic forms. 
2. Nucleation and Growth: Nanocrystals start 
developing, governed by the nature and 
concentration of biomolecules. 
3. Stabilization: Biological matrix capping 
agents hinder agglomeration and govern 
particle size. 
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3. Green Nanoparticles Applications in 
Sustainable Agriculture 
The incorporation of green nanoparticles 
(GNPs) into farming systems can solve many 
problems, such as crop disease, inefficiency in 
nutrient use, environmental degradation, and 
post-harvest loss. In the following, we discuss 
the key applications of GNPs in contemporary 
sustainable agriculture. 
3.1 Pest and Disease Management 
Conventional pesticides, while effective, are a 
cause of concern because of their toxicity to the 
environment and the build-up of pest resistance. 
GNPs provide green alternatives with improved 
efficacy and targeted release systems. 
•Silver Nanoparticles (AgNPs): Commonly 
known for their wide-spectrum antimicrobial 
action, AgNPs suppress bacterial and fungal 
pathogens like Alternaria alternata and 
Pseudomonas syringae, thus safeguarding crops 
against debilitating diseases. 
• Zinc Oxide Nanoparticles (ZnO NPs): Shown 
efficacy in managing insect pests such as 
Spodoptera litura and aphids, allowing for 
considerable reduction in the use of synthetic 
insecticides. 
These nano-agents provide extended protection 
because of their slow-release profiles and 
enhanced plant surface adherence. 
 
3.2 Soil Health and Bioremediation 
Soil degradation by excessive chemical 
application and pollution is becoming a serious 
issue. GNPs are able to rejuvenate and improve 
soil conditions: 
•Nano-biofertilizers: Nanoparticles containing 
critical nutrients (N, P, K) enhance nutrient use 
efficiency, thus cutting down on fertilizer input 
and loss due to leaching. 
•Iron Oxide Nanoparticles (Fe₃O₄ NPs): They are 
employed for bioremediation purposes to 
adsorb heavy metals and detoxify polluted soil, 
which induces a healthier rhizosphere. 
 
3.3 Nanocarrier Systems for Nutrient 
Delivery 
Traditional fertilizers have poor efficiency, and 
much of the nutrient is lost due to runoff and 
volatilization. GNPs provide controlled and 
targeted delivery of nutrients: 

• Silicon Nanoparticles (SiNPs): Enhance water 
and nutrient retention in sandy and porous soils, 
promoting plant growth in dry lands. 
• Chitosan-Based Nanocarriers: Enhance 
effective root uptake of micronutrients like zinc 
and copper, mitigating nutrient deficiency in 
crops. 
This intelligent delivery system minimizes 
environmental footprint while maximizing 
nutrient-use efficiency. 
 
3.4 Abiotic Stress Tolerance 
Climate-driven stress factors like drought, 
salinity, and extreme temperatures impact crop 
yield and stability. GNPs enable plant adaptation 
to such conditions: 
• Titanium Dioxide Nanoparticles (TiO₂ NPs): 
Enhance photosynthetic performance and 
restrain oxidative stress, especially during 
periods of drought. 
• Silver Nanoparticles (AgNPs): Facilitate plant 
stress responses by controlling hormonal and 
enzymatic processes, enabling plants to survive 
under adverse conditions. 
 
3.5 Post-Harvest Management 
Perishage in storage and transit results in 
immense losses. GNPs provide cutting-edge 
solutions to shelf life extension and quality 
maintenance: 
•Gold and Silver Nanoparticles: Added to 
protective coatings, they avoid microbial 
contamination on fruits and vegetables during 
storage. 
•Chitosan-Based Nanocomposites: Used as 
biodegradable films, they create moisture-proof 
barriers that restrict spoilage and maintain 
freshness. 
These measures complement post-harvest 
management and conform to food safety and 
environmental regulations. 
 
4. Benefits of Green Nanoparticles in 
Agriculture 
Green-synthesized nanoparticles (GNPs) offer 
several benefits over their chemically 
synthesized analogs, making them an especially 
good choice for incorporation into sustainable 
agriculture. Their environmental compatibility 
and multifunctionality provide real advantages 
throughout the agricultural value chain. 
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4.1 Non-Toxic and Eco-Friendly 
The greatest benefit of GNPs is their biogenic 
source, which avoids the use of dangerous 
chemicals and solvents normally used in 
traditional nanoparticle synthesis. This avoids 
the possibility of toxic residues in soils and 
waters for agriculture, compliant with 
environmentally friendly farming methods and 
minimizing the environmental impact of 
nanotechnology. 
 
4.2 Cost-Effective Production 
Green synthesis employs readily available 
natural materials like plant extracts, fruit skins, 
algae, fungi, and agricultural waste. This reduces 
the production cost significantly and allows the 
synthesis to be scaled up for commercial use, 
particularly in developing nations where access 
is restricted to high-tech synthesis facilities.  
 
4.3 Biocompatibility and Safety 
GNPs are generally biodegradable and harmless 
to non-target organisms, such as humans, 
beneficial insects, and soil microorganisms. 
Their biocompatibility reduces the likelihood of 
ecological disruption and increases biosafety in 
agroecosystems. 
 
4.4 Multifunctionality 
Green nanoparticles have varied bioactivities, 
including: 
•Antimicrobial, 
•Antioxidant, 
•Fertilizer-delivery, 
•Stress-resistance enhancement. 
This multifunctionality allows one nanomaterial 
to perform various agricultural functions, thus 
decreasing the use of multiple synthetic inputs. 
 
4.5 Scalability and Adaptability 
Because of their easy synthesis procedures, 
green nanoparticles can be synthesized at 
ambient conditions without the requirement of 
sophisticated equipment. This renders them 
very sensitive to on-site manufacturing, which 
allows smallholder farmers or cooperatives to 
manufacture and use them as required. 
 
4.6 Sustainable Resource Utilization 
By green synthesis of biomass and agricultural 
by-products into nanomaterials of high value, 
green synthesis supports circular economy 
models by transforming waste into a resource. 

In addition to helping manage waste problems, 
it generates economic value to agri-waste. 
 
5. Challenges and Future Directions 
Although green nanoparticles (GNPs) have 
promising advantages for sustainable 
agriculture, there are a number of challenges 
that limit their wider application. Overcoming 
these challenges is critical to achieve the full 
potential of GNPs in global agricultural systems. 
 
5.1 Current Challenges 
1. Standardization of Synthesis Protocols 
There is no standardization of synthesis 
protocols, resulting in inconsistency in particle 
size, shape, and functionality. This inconsistency 
is problematic for large-scale use and scientific 
reproducibility. 
 
2. Scaling Up Production 
Scaling up laboratory-based green synthesis 
methods to commercial production is a 
significant challenge. Challenges involve batch-
to-batch consistency, low yield, and limited 
automation in biosynthesis. 
 
3. Regulatory Uncertainty 
Regulatory systems for the use of nanomaterials 
in agriculture are still underdeveloped or 
inconsistent between nations. This generates 
uncertainty for commercial deployment and can 
slow down product approval. 
 
4. Long-Term Environmental Impact 
Although considered to be environmentally 
friendly, the long-term fate and environmental 
behavior of GNPs in soil and water 
environments are not well established. Their 
interaction with soil microbiota, the plant 
system, and aquatic organism needs to be better 
studied. 
 
5.2 Future Research and Development 
Directions 
1. Integrated Nano-Agriculture 
Future smart agriculture systems must be 
integrated with green nanoparticles and 
precision agriculture methods e.g., drone-
assisted delivery, sensor-connected diagnostics, 
and real-time nutrition monitoring to best 
utilize resources. 
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2. Multifunctional Nanomaterials 
Future-generation GNPs must be designed as 
hybrid or multifunctional systems, with 
combined functions such as pest management, 
nutrient delivery, and stress modulation. 
 
3. Regulatory Policy Development 
Efforts are required to introduce global safety 
and efficacy standards for agricultural 
nanomaterials. Clear, science-based guidelines 
will enable responsible innovation and public 
trust. 
 
4. Novel Biological Sources 
Diversification of the range of green synthesis 
agents such as marine species, extremophiles, 
and agricultural residues might provide new 
nanoparticle types with novel properties. 
 
5. Life-Cycle Assessments (LCA) 
Strong LCA analysis is important to determine 
the energy efficiency, economical feasibility, and 
environmental footprint of green nanoparticle 
application over time. 
 
6. Conclusion 
Green nanotechnology offers a revolutionary 
solution to the agriculture sustainability crisis. 
By harnessing biological systems for 
nanoparticle synthesis, scientists have created 
multifaceted, biodegradable substitutes for 
synthetic agrochemicals. Green nanoparticles 
(GNPs) have the extraordinary ability to boost 
crop yields, control pests and diseases, enhance 
nutrient delivery, and recover poor soils all the 
while minimizing environmental toxicity and 
enhancing resource efficiency. 
But despite these promising uses, issues of 
standardization, scalability, regulatory 
uncertainty, and long-term environmental 
effects need to be addressed before GNPs can be 
implemented on a large scale in agricultural 
systems. Ongoing interdisciplinary research, 
along with the establishment of global 
regulatory standards and sophisticated 
synthesis methods, will be essential in 
translating experimental validation into field-
level deployment. 
In the quest for food security and environmental 
sustainability at the global level, GNPs are a 
potential tool in the larger context of green and 
precision agriculture. Their future depends on 
responsible innovation, rooted in science 

evidence, scalable technology, and sustainable 
policies. 
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