
_____________________________________________________________________________________________________ 
 
++ Scientist Agronomy; 
# Assistant Professor cum Junior Scientist; 
† Assistant professor; 
‡ Assistant professor & Head; 
^ Research Scholar 
*Corresponding author: E-mail: dr.ashusingh1984@gmail.com; 
 
Cite as:  Mohanty, Lalita Kumar, Ashutosh Singh, Amit Kumar Pandey, R.K.M. Harish Kumar, G Ramesh, G Narayana Swamy, 
Shivam Kumar Pandey, and Bal Veer Singh. 2024. “Harnessing Nanotechnology for Eco-Friendly Crop Enhancement and 
Sustainable Agriculture”. Journal of Experimental Agriculture International 46 (7):154-67. 
https://doi.org/10.9734/jeai/2024/v46i72568. 

 

Journal of Experimental Agriculture International 
 
Volume 46, Issue 7, Page 154-167, 2024; Article no.JEAI.118162 
ISSN: 2457-0591 
(Past name: American Journal of Experimental Agriculture, Past ISSN: 2231-0606) 

 
 

 

Harnessing Nanotechnology for Eco-
Friendly Crop Enhancement and 

Sustainable Agriculture 
 

Lalita Kumar Mohanty a++, Ashutosh Singh b#*,  

Amit Kumar Pandey b#, R.K.M. Harish Kumar c†,  

G Ramesh d‡, G Narayana Swamy e‡,  

Shivam Kumar Pandey f^ and Bal Veer Singh g 
 

a KVK Jajpur, Odisha University of Agriculture and Technology, India. 
b Mandan Bharti Agriculture College, Agwanpur, Saharsa, Bihar, India. 

c Department of Agricultural Engineering, Erode Sengunthar Engineering College, Tamil Nadu, India. 
d Statistics and Computer Applications, SMGR Agricultutal College, ANGRAU –Udayagiri, India. 

e Department of Horticulture, SMGR Agriculture College, Acharya N G Ranga Agricultural University, 
India. 

f Rashtriya Raksha University, India. 
g Department of Agronomy, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, 

U.P., India. 
 

Authors’ contributions  
 

This work was carried out in collaboration among all authors. All authors read and approved the final manuscript. 

 
Article Information 

 
DOI: https://doi.org/10.9734/jeai/2024/v46i72568 

 
Open Peer Review History: 

This journal follows the Advanced Open Peer Review policy. Identity of the Reviewers, Editor(s) and additional Reviewers,  
peer review comments, different versions of the manuscript, comments of the editors, etc are available here: 

https://www.sdiarticle5.com/review-history/118162 

 
 

Received: 28/03/2024 
Accepted: 01/06/2024 
Published: 08/06/2024 

 

Review Article 

https://doi.org/10.9734/jeai/2024/v46i72568
https://www.sdiarticle5.com/review-history/118162


 
 
 
 

Mohanty et al.; J. Exp. Agric. Int., vol. 46, no. 7, pp. 154-167, 2024; Article no.JEAI.118162 
 
 

 
155 

 

ABSTRACT 
 

Nanotechnology has emerged as a transformative tool in various sectors, including agriculture. The 
application of nanotechnology in agriculture has the potential to revolutionize crop production, 
enhance food security, and promote sustainable farming practices. This paper explores the 
potential of harnessing nanotechnology for eco-friendly crop enhancement and sustainable 
agriculture. It discusses the various applications of nanotechnology in agriculture, including 
nanofertilizers, nanopesticides, nanosensors, and nanodelivery systems. The paper highlights the 
benefits of using nanotechnology in agriculture, such as increased crop yield, reduced 
environmental impact, and improved nutrient use efficiency. It also addresses the challenges and 
risks associated with the use of nanotechnology in agriculture, including potential toxicity, 
bioaccumulation, and the need for regulatory frameworks. The paper emphasizes the importance of 
responsible and sustainable use of nanotechnology in agriculture to ensure its long-term benefits 
while minimizing potential risks. It presents case studies and research findings that demonstrate 
the successful application of nanotechnology in enhancing crop growth, combating pests and 
diseases, and improving soil health.  

 

 
Keywords: Nanotechnology; sustainable agriculture; crop enhancement; eco-friendly; food security. 
 

1. INTRODUCTION 
 
Nanotechnology, the manipulation of matter at 
the nanoscale (1-100 nm), has emerged as a 
game-changer in various fields, including 
agriculture. The unique properties of 
nanomaterials, such as their small size, large 
surface area, and high reactivity, have opened 
up new possibilities for crop enhancement and 
sustainable agriculture [1]. The application of 
nanotechnology in agriculture has the potential to 
address the pressing challenges of feeding a 

growing global population while minimizing the 
environmental footprint of agricultural practices 
[2]. 
 
The world's population is projected to reach 9.7 
billion by 2050, putting immense pressure on 
agricultural systems to meet the increasing 
demand for food, feed, and fiber [3]. At the same 
time, agriculture faces numerous challenges, 
including climate change, soil degradation,            
water scarcity, and the overuse of chemical 
inputs [4].  

 

 
 

Fig. 1. Overview of nanotechnology applications in agriculture 
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The use of nanotechnology in agriculture 
encompasses a wide range of applications, from 
nanofertilizers and nanopesticides to 
nanosensors and nanodelivery systems [5]. 
Nanofertilizers, for instance, can enhance 
nutrient use efficiency and reduce the 
environmental impact of fertilizer application by 
providing targeted delivery of nutrients to crops 
[6]. Nanopesticides can offer more effective and 
safer alternatives to conventional pesticides by 
improving the specificity and reducing the toxicity 
of pest control agents [7]. 
 
Moreover, nanosensors can enable precision 
agriculture by providing real-time monitoring of 
soil conditions, crop health, and environmental 
parameters [8]. Nanodelivery systems can 
facilitate the controlled release of agrochemicals, 
such as fertilizers and pesticides, reducing their 
environmental impact and improving their 
efficacy [9]. The potential toxicity and 
bioaccumulation of nanomaterials in the 
environment and the food chain are major 
concerns [10]. The lack of standardized protocols 
for the risk assessment and regulation of 
nanomaterials in agriculture is another challenge 
that needs to be overcome [11]. 
 

2. NANOTECHNOLOGY AND ITS 
RELEVANCE TO AGRICULTURE 

 

2.1 Definition and Fundamentals of 
Nanotechnology 

 

Nanotechnology is the science and engineering 
of manipulating matter at the nanoscale, which is 
typically defined as the size range of 1-100 
nanometers [12]. At this scale, materials exhibit 
unique physical, chemical, and biological 
properties that differ from their bulk counterparts. 
These properties arise from the high surface 
area to volume ratio and the quantum effects that 
dominate at the nanoscale [13]. 
 

Nanotechnology involves the design, 
characterization, production, and application of 
structures, devices, and systems by controlling 
shape and size at the nanoscale [14]. It 
encompasses a wide range of disciplines, 
including physics, chemistry, biology, materials 
science, and engineering [15]. 
 

2.2 Advantages of Nanotechnology in 
Agriculture [16-19] 

 

➢ Targeted delivery of nutrients and 
agrochemicals, reducing environmental 
impact  

➢ Improved efficiency of nutrient uptake, 
leading to higher yields and better crop 
quality  

➢ Development of smart and responsive 
agricultural systems using nanosensors  

➢ Real-time monitoring of soil conditions, 
crop health, and environmental parameters  

➢ Delivery of agrochemicals or inputs in 
response to specific triggers. 

 

2.3 Potential Applications of 
Nanotechnology in Agriculture 

 
Some of the main areas where 
nanotechnology can be applied in agriculture 
include: 
 

1. Crop protection: Nanotechnology can be 
used to develop nanopesticides and 
Nanopesticides and nanoherbicides offer 
targeted, eco-friendly crop protection, while 
nanomaterials enhance disease resistance 
and biological control efficacy [20]. 

2. Nanofertilizers improve nutrient delivery 
and soil health, reducing environmental 
impact [21]. 

3. Nanosensors and nanodevices enable 
real-time crop and soil monitoring for 
precision agriculture [22]. 

4. Nanotechnology enhances food 
packaging, processing, safety, and 
nutrition [23]. 

5. Nanomaterials and nanodevices convert 
agricultural waste into biofuels, bioplastics, 
and nanofertilizers, reducing environmental 
impact and creating economic 
opportunities [24]. 

 

3. APPLICATIONS OF NANOTECHNO-
LOGY IN AGRICULTURE 

 

3.1 Nanofertilizers 
 

Nanofertilizers contain nutrients as nanoparticles 
or nanostructures, offering several advantages 
over conventional fertilizers: Easily absorbed by 
plants due to their small size and high surface 
area to volume ratio [25]. Controlled release of 
nutrients, reducing losses through leaching, 
volatilization, and runoff [25]. Improved 
bioavailability of nutrients to crops through better 
uptake and transport within plants, leading to 
higher nutrient use efficiency and better crop 
growth [26,27]. Can be designed to target 
specific plant tissues or organs, such as roots or 
leaves, further enhancing their effectiveness 
[26,27]. 
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Several types of nanofertilizers have been 
developed and tested for their potential use 
in agriculture.  
 

These include: 
 

1. Nano-encapsulated fertilizers: These are 
fertilizers that are encapsulated in 
biodegradable polymeric nanoparticles or 
nanofibers, which can provide controlled 
release of nutrients over an extended 
period [28]. 

2. Nano-sized nutrient particles: These are 
nutrient particles that are synthesized at 
the nanoscale, such as nano-sized zinc 
oxide or iron oxide particles, which can be 
more easily absorbed by plants than their 
bulk counterparts [29]. 

3. Nano-clay based fertilizers: These are 
fertilizers that are based on nano-sized 
clay particles, such as montmorillonite or 
kaolinite, which can improve soil structure, 
water retention, and nutrient holding 
capacity [30]. 

4. Nano-carbon based fertilizers: These are 
fertilizers that are based on carbon 
nanomaterials, such as carbon nanotubes 
or graphene oxide, which can improve soil 
health and plant growth by enhancing 
nutrient uptake and water retention [31]. 

 

3.2 Nanopesticides[32-35&40] 
 

Nanopesticides, containing nanoparticles or 
nanostructures, offer targeted delivery, improved 
stability, and reduced environmental impact 
compared to conventional pesticides.  
 

These include: 
 

1. Nano-encapsulated pesticides: 
Biodegradable polymeric nanoparticles or 

nanofibers that provide controlled release, 
improved stability, and bioavailability of 
active ingredients [36]. 

2. Nano-emulsions: Stable, transparent, and 
homogeneous dispersions of hydrophobic 
pesticides in water with nanoscale droplet 
sizes, enhancing solubility, stability, and 
effectiveness [37]. 

3. Nano-silica based pesticides: Nano-sized 
silica particles act as carriers for active 
ingredients, improving adhesion and 
penetration into plant tissues [38]. 

4. Nano-silver based pesticides: Nano-sized 
silver particles with antimicrobial 
properties, effective against a wide range 
of plant pathogens [39]. 

 
3.3 Nanosensors 
 
Nanosensors, utilizing nanomaterials, offer high 
sensitivity and specificity for precision agriculture. 
They enable real-time monitoring of crop health, 
soil conditions, and environmental parameters 
[41,42]. 

 
Some examples include: 

 
1. Soil nutrient sensors measure essential 

nutrient concentrations, optimizing 
fertilizer application and reducing nutrient 
losses [43]. 

2. Water quality sensors detect 
contaminants in irrigation water, ensuring 
safety and sustainability [44]. 

3. Plant stress sensors detect early signs of 
drought, nutrient deficiency, or disease, 
enabling timely interventions [45]. 

4. Pest and pathogen sensors allow early 
detection and targeted control, reducing 
pesticide use [46,47]. 

 
Table 1. Examples of nanofertilizers and their potential benefits in agriculture 

 

Nanofertilizer 
type 

Composition Potential benefits 

Nano-
encapsulated 
fertilizers 

Nutrients encapsulated in 
biodegradable polymeric 
nanoparticles or nanofibers 

Controlled release of nutrients, 
reduced nutrient losses, enhanced 
nutrient use efficiency 

Nano-sized 
nutrient particles 

Nano-sized zinc oxide, iron oxide, or 
other nutrient particles 

Improved nutrient bioavailability, 
enhanced plant growth and yield 

Nano-clay based 
fertilizers 

Nano-sized montmorillonite, 
kaolinite, or other clay particles 

Improved soil structure, water 
retention, and nutrient holding 
capacity 

Nano-carbon 
based fertilizers 

Carbon nanotubes, graphene oxide, 
or other carbon nanomaterials 

Enhanced nutrient uptake, improved 
water retention, and plant growth 
promotion 
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Table 2. Examples of nanopesticides and their potential benefits in agriculture 
 

Nanopesticide 
type 

Composition Potential benefits 

Nano-
encapsulated 
pesticides 

Active ingredients encapsulated 
in biodegradable polymeric 
nanoparticles or nanofibers 

Controlled release of active ingredients, 
improved stability and bioavailability, 
reduced environmental impact 

Nano-emulsions Pesticides dispersed in water 
with droplet sizes in the 
nanoscale range 

Improved solubility, stability, and 
effectiveness of hydrophobic pesticides 

Nano-silica based 
pesticides 

Active ingredients loaded onto 
nano-sized silica particles 

Improved adhesion and penetration into 
plant tissues, enhanced effectiveness 
against pests and pathogens 

Nano-silver based 
pesticides 

Nano-sized silver particles with 
antimicrobial properties 

Effective against a wide range of plant 
pathogens, reduced environmental 
impact compared to conventional 
pesticides 

 
Table 3. Examples of nanosensors and their potential applications in agriculture 

 

Nanosensor 
type 

Target analyte Potential applications 

Soil nutrient 
sensors 

Nitrogen, phosphorus, 
potassium, and other essential 
nutrients 

Optimization of fertilizer application, 
reduction of nutrient losses, improvement of 
soil health 

Water quality 
sensors 

Heavy metals, pesticides, 
pathogens, and other 
contaminants 

Monitoring of irrigation water quality, 
prevention of water pollution, ensuring food 
safety 

Plant stress 
sensors 

Drought, nutrient deficiency, 
disease, and other stressors 

Early detection of plant stress, timely 
interventions to prevent crop losses, 
improvement of crop yields 

Pest and 
pathogen sensors 

Insects, fungi, bacteria, 
viruses, and other pests and 
pathogens 

Early detection of pest and pathogen 
infestations, targeted control measures, 
reduction of pesticide use 

 

3.4 Nanodelivery Systems 
 

Nanodelivery systems use nanomaterials to 
encapsulate, transport, and release 
agrochemicals. They improve efficiency,                 
safety, and targeted delivery, reducing 
environmental impact and off-target effects 
[48,49,50]. 
 

Types include: 
 

1. Nano-encapsulation: Biodegradable 
polymeric nanoparticles or nanofibers for 
controlled release and improved stability 
[51]. 

2. Nano-emulsions: Stable, transparent 
dispersions of hydrophobic 
agrochemicals in water, enhancing 
solubility and effectiveness [52]. 

3. Nano-clay composites: Layered silicates 
intercalated with agrochemicals for 
controlled release and stability [53]. 

4. Nano-carbon materials: Carbon 
nanotubes or graphene oxide carriers 
improving solubility, stability, and plant 
growth [54&55]. 

 

4. CASE STUDIES AND RESEARCH 
FINDINGS 

 

4.1 Nanofertilizers for Enhanced Crop 
Growth and Yield 

 
Several studies have demonstrated the potential 
of nanofertilizers to enhance crop growth and 
yield. For example, a study by Rameshaiah et al. 
[56] investigated the effects of nano-zinc oxide 
fertilizer on the growth and yield of maize (Zea 
mays L.). The study found that the application of 
nano-zinc oxide fertilizer at a rate of 20 kg/ha 
resulted in significantly higher plant height, leaf 
area, and grain yield compared to the control and 
conventional zinc sulfate fertilizer.  
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Table 4. Examples of nanodelivery systems and their potential benefits in agriculture 
 

Nanodelivery 
system type 

Composition Potential benefits 

Nano-
encapsulation 

Active ingredients encapsulated in 
biodegradable polymeric 
nanoparticles or nanofibers 

Controlled release, improved stability 
and bioavailability, reduced 
environmental impact 

Nano-emulsions Active ingredients dispersed in water 
with droplet sizes in the nanoscale 
range 

Improved solubility, stability, and 
effectiveness of hydrophobic 
agrochemicals 

Nano-clay 
composites 

Active ingredients intercalated in 
layered silicates, such as 
montmorillonite or kaolinite 

Controlled release, improved stability 
and bioavailability, reduced 
environmental impact 

Nano-carbon 
materials 

Active ingredients loaded onto 
carbon nanotubes, graphene oxide, 
or other carbon nanomaterials 

Improved solubility, stability, and 
effectiveness of agrochemicals, 
enhanced plant growth and stress 
tolerance 

 

Table 5. Summary of selected studies on the effects of nanofertilizers on crop growth and yield 
 

Study Crop Nanofertilizer Application rate Key findings 

Rameshaiah 
et al. [56] 

Maize 
(Zea 
mays L.) 

Nano-zinc 
oxide 

20 kg/ha Increased plant height, leaf area, 
and grain yield compared to 
control and conventional zinc 
sulfate fertilizer 

Delfani et al. 
[57] 

Wheat 
(Triticum 
aestivum 
L.) 

Nano-iron 
oxide 

0.04 g/kg soil Increased plant height, leaf area, 
chlorophyll content, and grain 
yield compared to control and 
conventional iron sulfate fertilizer 

Subbaiah et 
al. [58] 

Rice 
(Oryza 
sativa L.) 

Nano-
phosphorus 

20 kg/ha Increased plant height, tiller 
number, leaf area, and grain yield 
compared to control and 
conventional phosphorus fertilizer 

 

Another study by Delfani et al. [57] evaluated the 
effects of nano-iron oxide fertilizer on the growth 
and yield of wheat (Triticum aestivum L.). The 
study found that the application of nano-iron 
oxide fertilizer at a rate of 0.04 g/kg soil resulted 
in significantly higher plant height, leaf area, 
chlorophyll content, and grain yield compared to 
the control and conventional iron sulfate fertilizer.  
 
A study by Subbaiah et al. [58] investigated the 
effects of nano-phosphorus fertilizer on the 
growth and yield of rice (Oryza sativa L.). The 
study found that the application of nano-
phosphorus fertilizer at a rate of 20 kg/ha 
resulted in significantly higher plant height, tiller 
number, leaf area, and grain yield compared to 
the control and conventional phosphorus 
fertilizer.  

 
4.2 Nanopesticides for Effective Pest and 

Disease Management 
 

1. Bhattacharyya et al. [59] found that nano-
silica based pesticide at 500 ppm 

significantly reduced rice blast disease 
incidence and severity compared to the 
control and conventional fungicide. Nano-
silica particles improved the adhesion and 
penetration of the active ingredient into plant 
tissues, enhancing disease control. 

2. Suriyaprabha et al. [60] reported that nano-
zinc oxide pesticide at 500 ppm resulted in 
higher larval mortality and lower stem 
damage in maize stem borer compared to 
the control and conventional insecticide. 
Enhanced pest control was attributed to 
improved stability, bioavailability, and 
potential direct toxicity of nano-zinc oxide 
particles. 

3. Ashkavand et al. [61] found that nano-copper 
oxide pesticide at 1000 ppm significantly 
reduced tomato early blight disease 
incidence and severity compared to the 
control and conventional copper-based 
fungicide. Nano-copper oxide particles 
improved the distribution and retention of the 
active ingredient on plant surfaces, 
enhancing disease control. 



 
 
 
 

Mohanty et al.; J. Exp. Agric. Int., vol. 46, no. 7, pp. 154-167, 2024; Article no.JEAI.118162 
 
 

 
160 

 

Table 6. Summary of selected studies on the effects of nanopesticides on pest and disease 
management 

 

Study Crop Nanopesticide Application 
rate 

Key findings 

Bhattacharyya 
et al. [59] 

Rice  
(Oryza 
sativa L.) 

Nano-silica 
based 

500 ppm Lower disease incidence and 
severity of rice blast compared 
to control and conventional 
fungicide 

Suriyaprabha 
et al. [60] 

Maize (Zea 
mays L.) 

Nano-zinc oxide 500 ppm Higher larval mortality and lower 
stem damage by maize stem 
borer compared to control and 
conventional insecticide 

Ashkavand et 
al. [61] 

Tomato 
(Solanum 
lycopersicum 
L.) 

Nano-copper 
oxide 

1000 ppm Lower disease incidence and 
severity of early blight 
compared to control and 
conventional copper-based 
fungicide 

 
Table 7. Summary of selected studies on the development and application of nanosensors in 

agriculture 
 

Study Nanosensor type Target analyte Key findings 

Rai et al. 
[62] 

Carbon nanotubes 
and zinc oxide 
nanoparticles 

Soil moisture and 
nutrients 

High sensitivity and specificity in 
detecting changes in soil moisture and 
nutrient concentrations, enabling 
precision agriculture 

Galstyan et 
al. [63] 

Graphene oxide 
and gold 
nanoparticles 

Plant pathogen 
(Botrytis cinerea) 

High sensitivity and specificity in 
detecting the presence of the fungal 
pathogen in tomato plants, enabling early 
detection and targeted control measures 

Srinivasan 
et al. [64] 

Carbon nanotubes 
and enzymes 

Plant stress 
hormones 
(abscisic acid and 
ethylene) 

Ability to detect changes in the 
concentrations of stress hormones in 
plant tissues, enabling early detection 
and mitigation of plant stress 

 

4.3 Nanosensors for Precision 
Agriculture and Crop Monitoring 

 

Rai et al. [62] developed a carbon nanotube and 
zinc oxide nanoparticle-based nanosensor for 
detecting soil moisture and nutrient levels with 
high sensitivity and specificity. Integration with 
wireless sensor networks and decision support 
systems could enable precision agriculture and 
improve crop production efficiency and 
sustainability. 
 

Galstyan et al. [63] developed a graphene oxide 
and gold nanoparticle-based nanosensor for 
detecting the fungal pathogen Botrytis cinerea in 
tomato plants with high sensitivity and specificity. 
Integration with nanopesticides and resistant 
cultivars could improve plant disease control 
effectiveness and sustainability. 
 

Srinivasan et al. [64] developed a carbon 
nanotube and enzyme-based nanosensor for 

detecting plant stress hormones (abscisic acid 
and ethylene) indicative of drought and abiotic 
stresses. Integration with remote sensing and 
data analytics could enable early stress detection 
and mitigation, improving crop yields and 
resilience. 
 

5. SOCIO-ECONOMIC IMPLICATIONS OF 
NANOTECHNOLOGY IN 
AGRICULTURE 

 

5.1 Potential Impact on Smallholder 
Farmers 

 
Positive impacts: 
 

• Improved crop productivity, reduced input 
costs, and increased income through 
nanofertilizers, nanopesticides, and 
nanosensors [65] 



 
 
 
 

Mohanty et al.; J. Exp. Agric. Int., vol. 46, no. 7, pp. 154-167, 2024; Article no.JEAI.118162 
 
 

 
161 

 

• Real-time monitoring of crop health and 
environmental conditions, enabling timely 
interventions and reduced crop losses, 
particularly beneficial for smallholder 
farmers in developing countries [66]. 

 

Negative impacts and concerns: 
 

• High cost of nanotechnology-based 
products and the need for specialized 
knowledge and skills could create barriers 
to adoption for smallholder farmers, 
especially in resource-poor settings [67] 

• Risk of disproportionate benefits accruing 
to large-scale farmers and agribusinesses, 
exacerbating existing inequalities 

• Potential environmental and health risks, 
such as contamination of soil and water 

resources, could disproportionately impact 
smallholder farmers and rural communities 
[68]. 

 
To ensure inclusive and equitable benefits, it 
is important to: 

 
• Involve smallholder farmers in the 

development and dissemination of 
nanotechnology-based solutions through 
participatory research and extension 
approaches [69] 

• Develop policies and programs that 
support the adoption of nanotechnology by 
smallholder farmers, such as subsidies, 
credit schemes, and capacity building 
initiatives. 

. 

 
 

Fig. 2. Schematic representation of the key components of a holistic and integrated approach 
to nanotechnology in agriculture 
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Table 8. Potential implications of nanotechnology in agriculture for food security and rural 
development 

 

Positive implications Negative implications 

Increased crop productivity and reduced 
crop losses 

High cost of nanotechnology-based products and 
the need for specialized knowledge and skills 

Reduced input costs and increased income 
for smallholder farmers 

Unintended environmental and health risks, 
affecting the livelihoods and health of smallholder 
farmers and rural communities 

More efficient use of water and other 
agricultural inputs, increasing the 
sustainability of food production 

Concentration of nanotechnology-based industries 
in urban areas, exacerbating rural-urban inequalities 

Development of value-added agricultural 
products and new market opportunities, 
diversifying rural economies 

Contamination of food and water resources due to 
the unintended release of nanomaterials 

 
5.2 Implications for Food Security and 

Rural Development 
 

Nanotechnology in agriculture could improve 
crop productivity, reduce input costs, and 
increase resilience, contributing to food security 
and poverty reduction in rural areas [70]. 
Nanofertilizers, nanopesticides, nanosensors, 
and precision agriculture can increase yields, 
reduce losses, and enhance sustainability [71]. 
Value-added products and new markets can 
diversify rural economies and increase farmers' 
income [72]. 
 

However, effective and equitable adoption 
requires investments in research, infrastructure, 
and capacity building to ensure accessibility and 
appropriateness for smallholder farmers [73]. 
Risks include environmental contamination and 
exacerbation of rural-urban inequalities [74]. 
 

Policies promoting responsible and sustainable 
use, safety standards, eco-friendly and socially 
inclusive applications, and strong rural 
institutions are needed [75]. 
 

6. CHALLENGES AND RISKS 
ASSOCIATED WITH NANOTECHNO-
LOGY IN AGRICULTURE 

 

6.1 Potential Toxicity and 
Bioaccumulation of Nanomaterials 

 

• Nanomaterials can interact with 
biological systems differently than their 
bulk counterparts due to their small size 
and unique properties, potentially leading 
to adverse effects on human health and 
the environment [76]. 

• Some nanomaterials, such as metal 
oxide nanoparticles and carbon 
nanotubes, have exhibited toxic effects 

on plants, animals, and microorganisms. 
Toxicity can be influenced by factors like 
size, shape, surface charge, and 
chemical composition [77]. 

• Mechanisms of toxicity include the 
generation of reactive oxygen species, 
induction of oxidative stress, and 
disruption of cellular processes like DNA 
replication and protein synthesis. 

• Persistence and bioaccumulation of 
nanomaterials in the environment can 
lead to their transfer and magnification in 
the food chain, with studies showing 
accumulation in plant and animal tissues, 
potentially transferring to higher trophic 
levels, including humans [78]. 

• Bioaccumulation in the food chain poses 
risks to food safety and human health, 
especially if the nanomaterials exhibit 
toxic effects. 

 
To address these challenges and risks, it is 
important to: 
 

• Conduct comprehensive toxicological 
and ecotoxicological studies on the 
potential impacts of nanomaterials used 
in agriculture. 

• Develop standardized protocols for 
testing and risk assessment of 
nanomaterials. 

• Establish safety thresholds and 
guidelines for the use of nanomaterials in 
agriculture [79,80]. 

 

6.2 Need for Regulatory Frameworks and 
Risk Assessment 

 
The lack of specific regulations and guidelines for 
nanotechnology in agriculture creates
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Table 9. Key elements of regulatory frameworks and risk assessment for nanotechnology in 
agriculture 

 

Regulatory frameworks Risk assessment protocols 

Definitions and classifications for nanomaterials 
used in agriculture 

Consideration of the entire life cycle of 
nanomaterials, from production to disposal 

Safety and quality standards for 
nanotechnology-based products 

Assessment of potential long-term and 
cumulative effects on human health and the 
environment 

Risk assessment and management protocols 
for the evaluation and approval of 
nanotechnology applications 

Consideration of potential synergistic or 
antagonistic effects with other agricultural inputs 
and environmental factors 

Stakeholder participation and transparency in 
the development and implementation of 
regulatory frameworks 

Use of precautionary approach and best 
available scientific evidence 

 

Table 10. Key recommendations for the responsible and sustainable use of nanotechnology in 
agriculture 

 

Recommendation Description 

Holistic and integrated 
approach 

Consideration of the environmental, social, and economic 
dimensions of agricultural systems in the development and 
application of nanotechnology 

Investments in research and 
development 

Ensuring that nanotechnology-based solutions are accessible, 
affordable, and appropriate for the needs of smallholder farmers 
and rural communities 

Policies and programs for 
responsible and sustainable 
use 

Establishment of safety and quality standards, promotion of eco-
friendly and socially inclusive nanotechnology applications, and 
strengthening of rural institutions and innovation systems 

Stakeholder engagement Involvement of researchers, industry, farmers, consumers, and 
policymakers in the development and implementation of 
nanotechnology in agriculture 

Equitable distribution of 
benefits 

Ensuring that the benefits of nanotechnology are distributed 
equitably and that the potential risks and unintended 
consequences are minimized 

 

uncertainties and barriers to development and 
commercialization. Existing regulatory 
frameworks for agricultural inputs may not 
adequately address the unique properties and 
risks of nanomaterials [81]. 
 

Harmonized regulatory frameworks at national 
and international levels are needed, including 
definitions, classifications, safety and quality 
standards, and risk assessment and 
management protocols [82]. These should be 
based on a precautionary approach, scientific 
evidence, and stakeholder participation to ensure 
transparency, inclusivity, and responsiveness 
[83]. 
 

Risk assessment protocols should consider the 
entire life cycle of nanomaterials, potential long-
term and cumulative effects on health and the 
environment, and synergistic or antagonistic 
effects with other agricultural inputs and 
environmental factors [84-87]. 

7. CONCLUSION 
 

Nanotechnology can revolutionize sustainable 
agriculture and food security, but challenges like 
toxicity, bioaccumulation, and lack of regulations 
must be addressed. Engaging stakeholders is 
crucial for responsible development, equitable 
benefit distribution, and risk minimization to 
create a sustainable and secure food system. 
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