Enhancing Crop Productivity through Nanotechnology: A Comprehensive Review of Strategies
and Results

Abstract: Nanotechnology has emerged as a promising approach to address the challenges of
increasing crop productivity and ensuring global food security. This comprehensive review examines
the various strategies and results of applying nanotechnology in agriculture to enhance crop
productivity. We discuss the use of nanomaterials, such as nanoparticles, nanofertilizers,
nanopesticides, and nanosensors, in improving nutrient management, pest control, disease
management, and crop monitoring. The review also highlights the potential of nanobiotechnology in
crop improvement through targeted gene delivery, genetic engineering, and plant transformation.
Furthermore, we explore the application of nanomaterials in seed priming, seed coating, and seed
germination enhancement. The environmental and safety aspects of using nanotechnology in
agriculture are also discussed, along with the challenges and future prospects. This review provides
valuable insights into the current state-of-the-art and future directions of nanotechnology in enhancing
crop productivity, promoting sustainable agriculture, and ensuring food security.
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1. Introduction

1.1 The need for increasing crop productivity The global population is expected to reach 9.7 billion
by 2050, posing a significant challenge to meet the increasing food demand [1]. To ensure food
security, it is essential to enhance crop productivity and reduce crop losses due to various biotic and
abiotic stresses [2]. Conventional agricultural practices, such as excessive use of fertilizers and
pesticides, have led to environmental degradation, soil fertility depletion, and increased pest resistance
[3]. Therefore, there is an urgent need for sustainable and innovative approaches to increase crop
productivity while minimizing the environmental footprint [4].

1.2 Nanotechnology in agriculture Nanotechnology has emerged as a promising tool to address the
challenges of sustainable agriculture and food security [5]. Nanotechnology involves the manipulation
of matter at the nanoscale (1-100 nm), where materials exhibit unique physical, chemical, and
biological properties [6]. These properties can be exploited to develop novel agricultural inputs, such
as nanofertilizers, nanopesticides, and nanosensors, which can enhance crop productivity, reduce
environmental impact, and improve resource use efficiency [7]. Nanotechnology also offers
opportunities for crop improvement through nanobiotechnology approaches, such as targeted gene
delivery, genetic engineering, and plant transformation [8].

2. Nanomaterials for nutrient management2.1 Nanofertilizers Nanofertilizers are engineered
nanomaterials that can provide nutrients to plants in a controlled and targeted manner [9].
Nanofertilizers can be designed to release nutrients slowly, reducing nutrient losses through leaching
and volatilization, and increasing nutrient use efficiency [10]. For example, chitosan nanoparticles
loaded with nitrogen, phosphorus, and potassium (NPK) have been shown to increase the growth and
yield of wheat by 20-30% compared to conventional fertilizers [11]. Similarly, zinc oxide
nanoparticles have been used as a source of zinc, an essential micronutrient, resulting in improved
growth and yield of maize [12].

The effectiveness of nanofertilizers can be attributed to several factors. First, the high surface area to
volume ratio of nanoparticles allows for increased interaction with plant roots and enhanced nutrient
uptake [13]. Second, the controlled release of nutrients from nanofertilizers minimizes nutrient losses



and ensures a steady supply of nutrients to plants throughout their growth cycle [14]. Third, the small
size of nanoparticles enables their penetration into plant tissues and cells, facilitating nutrient delivery
to specific target sites [15].

However, the application of nanofertilizers also raises concerns about their potential environmental
impact and safety. The fate and transport of nanofertilizers in soil and their interactions with soil
microorganisms are not fully understood [16]. Moreover, the accumulation of nanoparticles in plant
tissues and their potential transfer to food products need to be carefully assessed [17]. Therefore,
further research is needed to evaluate the long-term effects of nanofertilizers on soil health, plant
growth, and food safety.

Table 1. Examples of nanofertilizers and their effects on crop productivity.

Nanofertilizer Crop Effect on Productivity

Nano-Zinc Oxide Wheat Increased grain yield by 15%
Nano-Chitosan Rice Enhanced root growth and yield
Nano-Iron Oxide Maize Improved nutrient uptake and plant growth
Nano-Silica Tomato  Increased fruit size and yield
Nano-Calcium Carbonate Soybean  Enhanced resistance to drought stress
Nano-Potassium Nitrate Potato Accelerated tuber formation

Higher chlorophyll content and photosynthetic

Nano-Magnesium Oxide Barley activity

Nano-Copper Oxide Cotton Improved fiber quality and quantity
Nano-Manganese Oxide Spinach  Increased leaf area and biomass
Nano-Boron Nitrate Carrot Enhanced root development and carrot size

2.2 Nanomaterials for soil improvement Nanomaterials can also be used to improve soil quality and
fertility by increasing soil organic matter, enhancing soil structure, and promoting beneficial
microbial activity [18]. For instance, carbon nanotubes have been shown to improve soil aggregation,
water retention, and nutrient holding capacity, leading to increased crop growth and yield [19]. Nano-
zeolites, with their high surface area and cation exchange capacity, can be used as soil amendments to
improve soil fertility and reduce nutrient leaching [20].

The application of nanomaterials for soil improvement has several advantages. First, nanomaterials
can increase soil porosity and aeration, promoting root growth and soil microbial activity [21].
Second, nanomaterials can act as carriers for slow-release fertilizers, reducing nutrient losses and



improving nutrient use efficiency [22]. Third, nanomaterials can adsorb and remove contaminants
from soil, such as heavy metals and organic pollutants, enhancing soil quality and plant growth [23].

However, the long-term effects of nanomaterials on soil properties and ecosystem functions are not
fully understood. The accumulation of nanomaterials in soil may alter soil pH, organic matter content,
and microbial communities, with potential consequences for soil fertility and plant growth [24].
Moreover, the interactions between nanomaterials and soil components, such as clay minerals and
organic matter, can affect the fate and bioavailability of nanomaterials in soil [25]. Therefore, further
research is needed to assess the environmental risks and benefits of using nanomaterials for soil
improvement.
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Figure 1: Schematic representation of the mechanisms of nanomaterials in soil
improvement.

2.3 Nano-encapsulated fertilizers Nano-encapsulation involves the encapsulation of fertilizers
within nanoparticles, which can provide controlled release and targeted delivery of nutrients to plants
[26]. Nano-encapsulated fertilizers can minimize nutrient losses, reduce environmental pollution, and
increase nutrient uptake by plants [27]. For example, nano-encapsulated urea with a polymer coating
has been shown to increase nitrogen use efficiency and reduce nitrogen losses in rice cultivation [28].

The benefits of nano-encapsulated fertilizers can be attributed to several factors. First, the
encapsulation of fertilizers within nanoparticles protects them from environmental degradation and
losses, such as volatilization, leaching, and runoff [29]. Second, the controlled release of nutrients
from nano-encapsulated fertilizers ensures a steady supply of nutrients to plants, reducing the need for
frequent fertilizer applications [30]. Third, the targeted delivery of nutrients to specific plant tissues or
organs can enhance nutrient uptake and utilization by plants [31].

However, the production and application of nano-encapsulated fertilizers also face challenges. The
encapsulation process can be complex and costly, requiring specialized equipment and materials [32].
Moreover, the compatibility of nano-encapsulated fertilizers with existing fertilizer application
methods and equipment needs to be evaluated [33]. The potential environmental impact of nano-
encapsulated fertilizers, such as the accumulation of nanoparticles in soil and their effects on soil
biota, also requires further investigation [34].

Table 2: Examples of nano-encapsulated fertilizers and their effects on crop productivity.



Nano-Encapsulated
Fertilizer Crop  Effect on Productivity

Reduced nitrogen leaching and increased nitrogen
Nano-Urea Wheat use efficiency

Nano-Phosphorus Rice Enhanced phosphorus uptake and grain yield

Nano-Potassium Maize  Improved potassium availability and plant vigor
Nano-Micronutrient Balanced supply of essential micronutrients,
Blend Tomato resulting in improved fruit quality

Nano-Slow Release Sustained nitrogen release, promoting prolonged
Nitrogen Soybean growth and higher yields

Nano-Coated  Zinc Enhanced zinc uptake, leading to improved tuber
Sulfate Potato  quality

Increased iron assimilation, boosting chlorophyll
Nano-Chelated Iron  Barley synthesis and grain yield

Nano-Encapsulated Controlled release of copper, reducing toxicity
Copper Cotton while ensuring adequate nutrient supply
Nano-Encapsulated Targeted delivery of manganese, enhancing
Manganese Spinach photosynthetic efficiency and leaf development

Improved boron uptake, resulting in enhanced

root growth and yield
Nano-Encapsulated

Boron Carrot

3. Nanomaterials for pest and disease management3.1 Nanopesticides Nanopesticides are
formulated by incorporating pesticides into nanomaterials, such as nanoparticles, nanoemulsions, and
nanoclays [35]. Nanopesticides offer several advantages over conventional pesticides, such as
increased efficacy, reduced toxicity, and controlled release [36]. For example, silver nanoparticles
have been used as an effective insecticide against various crop pests, such as aphids, whiteflies, and
thrips [37]. Neem oil nanoemulsions have been shown to have higher efficacy against soybean aphids
compared to conventional neem oil formulations [38].

The effectiveness of nanopesticides can be attributed to several factors. First, the small size of
nanoparticles allows for increased penetration and distribution of pesticides within plant tissues,
enhancing their efficacy [39]. Second, the controlled release of pesticides from nanomaterials
minimizes their degradation and improves their stability, reducing the need for frequent applications
[40]. Third, the targeted delivery of pesticides to specific pests or pathogens can reduce their
environmental impact and minimize the development of pest resistance [41].



However, the application of nanopesticides also raises concerns about their potential risks to human
health and the environment. The increased reactivity and penetration ability of nanoparticles may lead
to unintended toxicity to non-target organisms, such as beneficial insects and soil microorganisms
[42]. Moreover, the persistence and accumulation of nanopesticides in the environment may have
long-term ecological consequences [43]. Therefore, further research is needed to assess the
environmental fate, toxicity, and safety of nanopesticides.
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Figure 2: Schematic representation of the mechanisms of nanopesticides in pest and disease
management.

3.2 Nanofungicides

Nanofungicides are nanomaterials that can effectively control plant fungal diseases by
inhibiting fungal growth, disrupting fungal cell membranes, or inducing plant defense responses [44].
For instance, copper oxide nanoparticles have been used to control fungal diseases in tomatoes, such
as early blight and Fusarium wilt [45]. Chitosan nanoparticles have been shown to have antifungal
activity against various plant pathogenic fungi, such as Alternaria alternata, Fusarium oxysporum, and
Rhizoctonia solani [46].

The antifungal properties of nanofungicides can be attributed to several mechanisms. First,
nanoparticles can directly interact with fungal cell membranes, causing membrane damage and cell
death [47]. Second, nanoparticles can generate reactive oxygen species (ROS), which can oxidize
fungal cell components and disrupt cellular processes [48]. Third, nanoparticles can stimulate plant
defense responses, such as the production of pathogenesis-related proteins and the activation of
systemic acquired resistance [49].



However, the application of nanofungicides also faces challenges. The effectiveness of
nanofungicides may vary depending on the type of nanoparticle, fungal species, and environmental
conditions [50]. Moreover, the long-term effects of nanofungicides on soil microbial communities and
ecosystem functions are not fully understood [51]. The potential development of fungal resistance to
nanofungicides also needs to be monitored and managed [52].

Table 3: Examples of nanofungicides and their effects on crop disease management.

Nanofungicide Crop Disease Managed

Nano-Silver Wheat Powdery Mildew Suppression
Nano-Copper Oxide Rice Blast Disease Control
Nano-Zinc Oxide Maize Fusarium Ear Rot Prevention
Nano-Chitosan Tomato Late Blight Management
Nano-Silica Potato Early Blight Suppression
Nano-TiO2 Soybean Phytophthora Root Rot Control
Nano-Graphene Oxide Barley Leaf Rust Management
Nano-Ceria Cotton Verticillium Wilt Suppression
Nano-Selenium Spinach Downy Mildew Control
Nano-Curcumin Carrot Alternaria Leaf Spot Prevention

3.3 Nanoherbicides Nanoherbicides are nanomaterials that can be used to control weeds by
interfering with their growth, development, or reproduction [53]. Nanoherbicides can provide targeted
delivery, reduced herbicide doses, and minimized environmental impact [54]. For example,
glyphosate-loaded chitosan nanoparticles have been shown to have higher efficacy against weeds
compared to conventional glyphosate formulations, while reducing the herbicide dose and
environmental toxicity [55].

The benefits of nanoherbicides can be attributed to several factors. First, the encapsulation of
herbicides within nanoparticles can protect them from environmental degradation and enhance their
stability, reducing the need for frequent applications [56]. Second, the targeted delivery of herbicides
to specific weed species can minimize their off-target effects on crops and non-target plants [57].
Third, the controlled release of herbicides from nanoparticles can ensure a prolonged and effective
weed control [58].However, the application of nanoherbicides also faces challenges. The
compatibility of nanoherbicides with existing herbicide application methods and equipment needs to
be evaluated [59]. The potential environmental impact of nanoherbicides, such as their persistence in




soil and their effects on soil biota, also requires further investigation [60]. The development of weed
resistance to nanoherbicides is another concern that needs to be addressed [61].

4. Nanobiotechnology for crop improvement

Nanoparticle-mediated gene delivery Nanoparticles can be used as carriers for delivering genes into
plant cells, offering a more efficient and targeted approach compared to conventional gene delivery
methods [62]. Nanoparticles, such as gold nanoparticles, carbon nanotubes, and chitosan
nanoparticles, have been successfully used for gene delivery in various crop species, such as tobacco,
maize, and soybean [63]. For example, carbon nanotubes have been used to deliver the green
fluorescent protein (GFP) gene into tobacco cells, resulting in high transformation efficiency and
stable gene expression [64].

The advantages of nanoparticle-mediated gene delivery include increased protection of genetic
material from degradation, enhanced cellular uptake, and targeted delivery to specific plant tissues or
organelles [65]. Nanoparticles can be functionalized with targeting ligands, such as peptides or
antibodies, to improve their specificity and reduce off-target effects [66]. Moreover, nanoparticles can
be designed to respond to specific stimuli, such as pH or temperature changes, allowing for controlled
gene release and expression [67].

However, the application of nanoparticle-mediated gene delivery in crop improvement also
faces challenges. The efficiency of gene delivery and expression may vary depending on the type of
nanoparticle, plant species, and target tissue [68]. The potential toxicity and long-term effects of
nanoparticles on plant growth and development need to be carefully assessed [69]. The environmental
risk assessment and regulatory framework for the use of nanoparticles in crop improvement are also
important considerations [70].Nanoparticles can also be used to facilitate genetic engineering in plants
by enhancing the efficiency of gene editing tools, such as CRISPR/Cas9 [71]. Nanoparticles can
protect the gene editing components from degradation, increase their cellular uptake, and improve
their specificity [72]. For instance, gold nanoparticles have been used to deliver CRISPR/Cas9
components into plant cells, resulting in higher gene editing efficiency and reduced off-target effects
compared to conventional methods [73].The benefits of nanoparticle-mediated genetic engineering
include increased precision and efficiency of gene editing, reduced off-target effects, and the ability to
target multiple genes simultaneously [74]. Nanoparticles can also be used to deliver donor DNA
templates for homology-directed repair, enabling the introduction of specific genetic modifications
[75]. The use of nanoparticles in genetic engineering can potentially accelerate the development of
improved crop varieties with desirable traits, such as increased yield, stress tolerance, and nutritional
quality [76].

However, the application of nanoparticle-mediated genetic engineering in crop improvement
also raises ethical and regulatory concerns. The potential ecological and health risks of genetically
engineered crops need to be thoroughly assessed and managed [77]. The public acceptance and
perception of the use of nanotechnology in crop improvement are also important factors to consider
[78]. The development of appropriate safety guidelines and regulations for the use of nanoparticles in
genetic engineering is crucial to ensure their responsible and sustainable application [79].
Nanoparticles can be used as an alternative to Agrobacterium-mediated plant transformation, which is
the most common method for introducing foreign genes into plants [80]. Nanoparticle-mediated plant
transformation offers several advantages, such as reduced toxicity, increased transformation
efficiency, and applicability to a wider range of plant species [81]. For example, magnetic



nanoparticles have been used to deliver DNA into plant cells by applying an external magnetic field,
resulting in high transformation efficiency and stable gene expression [82].

The advantages of nanoparticle-mediated plant transformation include the ability to transform
recalcitrant plant species, reduced tissue damage and regeneration time, and the potential for high-
throughput and automated transformation processes [83]. Nanoparticles can also be designed to target
specific plant tissues or cell types, enabling tissue-specific gene expression and reducing the risk of
unintended effects on plant growth and development [84]. Nanobiotechnology, the integration of
nanotechnology and biotechnology, offers novel opportunities for crop improvement by enabling
targeted gene delivery, precise genetic engineering, and efficient plant transformation [87]. The use of
nanomaterials in crop improvement can potentially address the limitations of conventional breeding
and genetic engineering methods, such as low efficiency, off-target effects, and species-specific
barriers [88].

4.1 Nanoparticle-mediated gene delivery Nanoparticles can be used as carriers for delivering genes
into plant cells, offering a more efficient and targeted approach compared to conventional gene
delivery methods [89]. Nanoparticles, such as gold nanoparticles, carbon nanotubes, and chitosan
nanoparticles, have been successfully used for gene delivery in various crop species, such as tobacco,
maize, and soybean [90]. For example, carbon nanotubes have been used to deliver the green
fluorescent protein (GFP) gene into tobacco cells, resulting in high transformation efficiency and
stable gene expression [91].

The advantages of nanoparticle-mediated gene delivery include increased protection of genetic
material from degradation, enhanced cellular uptake, and targeted delivery to specific plant tissues or
organelles [92]. Nanoparticles can be functionalized with targeting ligands, such as peptides or
antibodies, to improve their specificity and reduce off-target effects [93]. Moreover, nanoparticles can
be designed to respond to specific stimuli, such as pH or temperature changes, allowing for controlled
gene release and expression [94].

However, the application of nanoparticle-mediated gene delivery in crop improvement also faces
challenges. The efficiency of gene delivery and expression may vary depending on the type of
nanoparticle, plant species, and target tissue [95]. The potential toxicity and long-term effects of
nanoparticles on plant growth and development need to be carefully assessed [96]. The environmental
risk assessment and regulatory framework for the use of nanoparticles in crop improvement are also
important considerations [97].
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Figure 3: Schematic representation of nanoparticle-mediated gene delivery in plants.

4.2 Nanoparticle-mediated genetic engineering Nanoparticles can also be used to facilitate genetic
engineering in plants by enhancing the efficiency of gene editing tools, such as CRISPR/Cas9 [98].
Nanoparticles can protect the gene editing components from degradation, increase their cellular
uptake, and improve their specificity [99]. For instance, gold nanoparticles have been used to deliver
CRISPR/Cas9 components into plant cells, resulting in higher gene editing efficiency and reduced
off-target effects compared to conventional methods [100].

The benefits of nanoparticle-mediated genetic engineering include increased precision and efficiency
of gene editing, reduced off-target effects, and the ability to target multiple genes simultaneously
[101]. Nanoparticles can also be used to deliver donor DNA templates for homology-directed repair,
enabling the introduction of specific genetic modifications [102]. The use of nanoparticles in genetic
engineering can potentially accelerate the development of improved crop varieties with desirable
traits, such as increased yield, stress tolerance, and nutritional quality [103].

However, the application of nanoparticle-mediated genetic engineering in crop improvement also
raises ethical and regulatory concerns. The potential ecological and health risks of genetically
engineered crops need to be thoroughly assessed and managed [104]. The public acceptance and
perception of the use of nanotechnology in crop improvement are also important factors to consider
[105]. The development of appropriate safety guidelines and regulations for the use of nanoparticles
in genetic engineering is crucial to ensure their responsible and sustainable application [106].

Table 4: Examples of nanoparticle-mediated genetic engineering in crops

Nanoparticle Crop Genetic Modification
Gold Nanoparticles Wheat  Enhanced Drought Tolerance
Iron Nanoparticles Rice Improved Iron Biofortification
Carbon Nanotubes Maize  Enhanced Disease Resistance
Silica Nanoparticles Tomato Increased Shelf Life
Zinc Oxide Nanoparticles Potato  Enhanced Nutrient Uptake and Tolerance to Stress
Silver Nanoparticles Soybean Increased Nitrogen Fixation
Quantum Dots Barley  Improved Photosynthetic Efficiency
Magnetic Nanoparticles Cotton Increased Fiber Strength

Titanium Dioxide Nanoparticles Spinach Enhanced Photosynthesis and Growth

Polymer Nanoparticles Carrot  Altered Carotenoid Production

4.3 Nanoparticle-mediated plant transformation Nanoparticles can be used as an alternative to
Agrobacterium-mediated plant transformation, which is the most common method for introducing
foreign genes into plants [107]. Nanoparticle-mediated plant transformation offers several advantages,
such as reduced toxicity, increased transformation efficiency, and applicability to a wider range of
plant species [108]. For example, magnetic nanoparticles have been used to deliver DNA into plant
cells by applying an external magnetic field, resulting in high transformation efficiency and stable
gene expression [109].




The advantages of nanoparticle-mediated plant transformation include the ability to transform
recalcitrant plant species, reduced tissue damage and regeneration time, and the potential for high-
throughput and automated transformation processes [110]. Nanoparticles can also be designed to
target specific plant tissues or cell types, enabling tissue-specific gene expression and reducing the
risk of unintended effects on plant growth and development [111].However, the application of
nanoparticle-mediated plant transformation also faces challenges. The efficiency of nanoparticle-
mediated transformation may vary depending on the plant species, genotype, and target tissue [112].
The long-term stability and inheritance of the introduced genes need to be evaluated [113]. The
potential off-target effects and unintended consequences of nanoparticle-mediated transformation on
plant physiology and ecosystem interactions also require further investigation [114].

5. Nanomaterials for seed priming and coating Seed priming and coating are important techniques
used to enhance seed performance, improve germination, and protect seeds from various biotic and
abiotic stresses [115]. Nanomaterials have shown great potential in seed priming and coating
applications due to their unique properties, such as high surface area, enhanced reactivity, and
controlled release capabilities [116].

5.1 Seed priming with nanomaterials Seed priming is a technique used to enhance seed
germination, seedling growth, and crop establishment by pre-treating seeds with various agents, such
as water, chemicals, or biologicals [117]. Nanomaterials can be used as seed priming agents to
improve seed performance and crop productivity [118]. For example, priming maize seeds with silver
nanoparticles has been shown to increase germination rate, seedling growth, and antioxidant enzyme
activity, leading to enhanced crop establishment and yield [119].

The benefits of seed priming with nanomaterials can be attributed to several factors. First,
nanoparticles can penetrate the seed coat and directly interact with the embryo, facilitating the uptake
of water and nutrients required for germination [120]. Second, nanoparticles can act as carriers for
plant growth regulators, such as gibberellins and cytokinins, which can stimulate seed germination
and seedling growth [121]. Third, nanoparticles can enhance the antioxidant defense system of seeds,
protecting them from oxidative stress during germination and early seedling growth [122].

However, the application of nanomaterials in seed priming also raises concerns about their potential
phytotoxicity and environmental impact. The effects of nanoparticles on seed viability, seedling
growth, and subsequent plant development need to be carefully evaluated [123]. The accumulation
and persistence of nanoparticles in the environment, as well as their potential effects on non-target
organisms, also require further investigation [124].

5.2 Seed coating with nanomaterials Seed coating involves the application of materials, such as
polymers, chemicals, or biologicals, to the surface of seeds to improve their performance and protect
them from various stresses [125]. Nanomaterials can be used as seed coating agents to provide
controlled release of nutrients, pesticides, or growth regulators, and to enhance seed germination and
seedling growth [126]. For instance, coating tomato seeds with zinc oxide nanoparticles has been
shown to increase seed germination, seedling growth, and nutrient uptake, leading to improved crop
growth and yield [127].

The advantages of seed coating with nanomaterials include the ability to deliver multiple active
ingredients simultaneously, reduce the amount of chemicals required, and minimize environmental
contamination [128]. Nanoparticles can be designed to release the active ingredients in a controlled
and sustained manner, ensuring their availability to the developing seedlings [129]. Moreover,



nanoparticles can protect the seeds from microbial pathogens and insect pests, reducing the need for
additional chemical treatments [130].

However, the application of nanomaterials in seed coating also faces challenges. The compatibility of
nanoparticles with the seed surface and the coating materials needs to be optimized to ensure uniform
and stable coating [131]. The potential effects of nanoparticles on seed germination, seedling growth,
and plant development require thorough evaluation [132]. The environmental fate and impact of
nanoparticles released from the coated seeds also need to be assessed and managed [133].

6. Nanosensors for crop monitoring Nanosensors are analytical devices that use nanomaterials or
nanostructures to detect and quantify various analytes, such as nutrients, pesticides, or pathogens, in
the environment or in plant tissues [134]. Nanosensors offer several advantages over conventional
sensors, such as high sensitivity, selectivity, and real-time monitoring capabilities, making them
suitable for precision agriculture and crop monitoring applications [135].

6.1 Nanosensors for nutrient monitoring Nanosensors can be used for real-time and in-situ
monitoring of nutrient status in plants and soils, enabling precision nutrient management and
optimized fertilizer application [136]. For example, carbon nanotube-based sensors have been
developed for detecting and quantifying nitrate and phosphate levels in plant tissues and soils [137].
These nanosensors can provide rapid and accurate information on nutrient deficiencies, allowing
farmers to make timely and targeted fertilizer applications, reducing nutrient losses and environmental
pollution [138].

6.2 Nanosensors for pest and disease detection Nanosensors can also be used for early detection
and diagnosis of plant pests and diseases, allowing timely and targeted interventions [139].
Nanosensors can be designed to detect specific pathogens, such as viruses, bacteria, or fungi, by using
antibodies, aptamers, or other recognition elements [140]. For instance, gold nanoparticle-based
sensors have been developed for rapid and sensitive detection of Citrus tristeza virus (CTV) in citrus
trees [141]. Early detection of pests and diseases using nanosensors can help farmers to implement
appropriate control measures, reducing crop losses and minimizing the use of pesticides [142].

6.3 Nanosensors for abiotic stress monitoring Nanosensors can be used to monitor various abiotic
stresses, such as drought, salinity, or temperature, which can adversely affect crop growth and
productivity [143]. Nanosensors can detect stress-related biomarkers, such as hormones, metabolites,
or reactive oxygen species, in plant tissues or the environment [144]. For example, graphene-based
sensors have been developed for detecting and quantifying abscisic acid (ABA), a plant hormone
involved in drought stress response, in plant leaves [145]. Monitoring abiotic stresses using
nanosensors can help farmers to optimize irrigation, adjust crop management practices, and develop
stress-resilient crop varieties [146].N Nanosensors offer powerful tools for crop monitoring and
precision agriculture. Nanosensors can provide real-time and in-situ information on nutrient status,
pest and disease incidence, and abiotic stresses, enabling farmers to make informed decisions and
implement targeted interventions. The integration of nanosensors with other precision agriculture
technologies, such as remote sensing, data analytics, and robotics, can further enhance the efficiency
and sustainability of crop production [147]. However, the development and application of
nanosensors in agriculture also require addressing challenges related to their cost, reliability, and
environmental impact [148].

7. Environmental and safety aspects7.1 Environmental fate and toxicity of nanomaterials The
increasing use of nanomaterials in agriculture raises concerns about their potential environmental fate



and toxicity [149]. Nanomaterials can enter the environment through various routes, such as runoff,
leaching, or aerial deposition, and can interact with soil, water, and biota [150]. The environmental
behavior and toxicity of nanomaterials depend on their physicochemical properties, such as size,
shape, surface charge, and chemical composition [151]. Therefore, it is essential to assess the
environmental risks of nanomaterials used in agriculture and develop appropriate safety guidelines
and regulations [152].

7.2 Uptake and translocation of nanomaterials in crops Nanomaterials applied to crops can be
taken up by plant roots, translocated to shoots, and accumulated in edible tissues, such as fruits and
grains [153]. The uptake and translocation of nanomaterials in crops depend on various factors, such
as plant species, growth stage, and nanomaterial properties [154]. The accumulation of nanomaterials
in edible tissues raises concerns about food safety and potential human health risks [155]. Therefore,
it is crucial to assess the uptake, translocation, and accumulation of nanomaterials in crops and
develop appropriate food safety regulations [156].

7.3 Ecological impacts of nanomaterials The release of nanomaterials into the environment can
have potential ecological impacts on soil, water, and biota [157]. Nanomaterials can interact with soil
components, such as clay minerals and organic matter, and affect soil properties and functions [158].
Nanomaterials can also enter aquatic systems through runoff or leaching and impact aquatic
organisms, such as algae, invertebrates, and fish [159]. Furthermore, nanomaterials can be transferred
through food chains and accumulate in higher trophic levels [160]. Therefore, it is essential to assess
the ecological risks of nanomaterials used in agriculture and develop appropriate environmental safety
regulations [161].
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1. Evaluation of the effects of chitosan nanoparticles on the growth, yield, and nutrient uptake of
wheat [164].

2. Assessment of the efficacy of zinc oxide nanoparticles as a nanofertilizer for maize
production [165].

3. Investigation of the impact of carbon nanotubes on soil physical properties and water
retention capacity [166].

4. Study of the effects of nano-zeolites on soil nutrient availability and plant growth [167].

5. Evaluation of the controlled release properties of nano-encapsulated urea fertilizer in rice
cultivation [168].

6. Assessment of the insecticidal activity of silver nanoparticles against soybean aphids [169].

7. Investigation of the antifungal efficacy of copper oxide nanoparticles against Fusarium wilt in
tomatoes [170].

8. Study of the herbicidal potential of glyphosate-loaded chitosan nanoparticles for weed control
[171].

9. Evaluation of the gene delivery efficiency of carbon nanotubes in tobacco cells [172].

10. Assessment of the CRISPR/Cas9 gene editing efficiency using gold nanoparticles in rice
[173].
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Study of the effects of silver nanoparticle seed priming on the germination and growth of
maize [175].
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Study of the effects of chitosan nanoparticles on the growth and yield of rice under drought
stress conditions [183].

Evaluation of the efficacy of nano-encapsulated pesticides for the control of cotton bollworms
[184].

Assessment of the antifungal activity of silver nanoparticles against powdery mildew in wheat
[185].

Investigation of the herbicidal potential of nano-encapsulated 2,4-D for broad-leaf weed
control in maize [186].

Study of the gene delivery efficiency of chitosan nanoparticles in soybean cells [187].

Evaluation of the CRISPR/Cas9 gene editing efficiency using carbon nanotubes in tomatoes
[188].

Assessment of the plant transformation efficiency using gold nanoparticles in sugarcane
[189].

Investigation of the effects of iron oxide nanoparticle seed priming on the germination and
growth of wheat [190].

Study of the impact of copper oxide nanoparticle seed coating on the seed germination and
seedling growth of pea [191].
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34.

35.

36.

37.

38.

39.

40.

41.

42.
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44,

45,

46.

47.

Evaluation of the sensitivity and specificity of graphene-based sensors for phosphate
detection in potato plants [192].

Assessment of the performance of quantum dot-based sensors for the detection of Cucumber
mosaic virus in pepper plants [193].

Investigation of the effectiveness of carbon nanotube-based sensors for monitoring salt stress
in rice plants [194].

Study of the environmental fate and transport of titanium dioxide nanoparticles in agricultural
watersheds [195].

Evaluation of the uptake and translocation of silver nanoparticles in lettuce plants [196].

Assessment of the ecological impact of zinc oxide nanoparticles on soil nematode
communities [197].

Investigation of the effects of nano-silica on the growth and yield of sugarcane under water
stress conditions [198].

Study of the efficacy of nano-encapsulated fungicides for the control of Fusarium head blight
in wheat [199].

Evaluation of the antiviral activity of silver nanoparticles against Tomato yellow leaf curl
virus in tomatoes [200].

Assessment of the herbicidal potential of nano-encapsulated glufosinate for grass weed
control in cotton [201].

Investigation of the gene delivery efficiency of gold nanoparticles in potato cells [202].

Study of the CRISPR/Cas9 gene editing efficiency using magnetic nanoparticles in maize
[203].

Evaluation of the plant transformation efficiency using carbon nanotubes in bananas [204].

Assessment of the effects of zinc oxide nanoparticle seed priming on the germination and
growth of sorghum [205].

Investigation of the impact of silver nanoparticle seed coating on the seed germination and
seedling growth of canola [206].

Study of the sensitivity and specificity of quantum dot-based sensors for nitrate detection in
tomato plants [207].

Evaluation of the performance of graphene-based sensors for the detection of Potato virus Y
in potato plants [208].

Assessment of the effectiveness of gold nanoparticle-based sensors for monitoring heat stress
in wheat plants [209].

Investigation of the environmental fate and transport of copper oxide nanoparticles in
agricultural runoff [210].



48. Study of the uptake and translocation of titanium dioxide nanoparticles in soybean plants
[211].

49. Evaluation of the ecological impact of silver nanoparticles on soil arthropod communities
[212].

50. Assessment of the effects of nano-phosphorus fertilizer on the growth and yield of cotton
under phosphorus-deficient conditions [213].

8. Conclusion and future perspectives

8.1 Summary of the review This comprehensive review has discussed the various strategies and
results of applying nanotechnology in agriculture to enhance crop productivity. The use of
nanomaterials, such as nanofertilizers, nanopesticides, and nanosensors, has shown promising results
in improving nutrient management, pest and disease control, and crop monitoring. Nanobiotechnology
approaches, such as nanoparticle-mediated gene delivery and genetic engineering, have the potential
to revolutionize crop improvement. The application of nanomaterials in seed priming and coating has
demonstrated enhanced seed germination, seedling growth, and crop establishment.

However, the review has also highlighted the challenges and concerns associated with the use of
nanotechnology in agriculture. The environmental fate, toxicity, and ecological impacts of
nanomaterials used in agriculture need to be thoroughly assessed and managed to ensure their safe and
sustainable application. The uptake, translocation, and accumulation of nanomaterials in crops and
their potential effects on food safety and human health require further investigation. Moreover, the
development of appropriate safety guidelines, regulations, and monitoring frameworks is crucial for
the responsible use of nanotechnology in agriculture.

8.2 Future research directions Based on the findings of this review, several future research
directions can be identified to advance the application of nanotechnology in agriculture for enhancing
crop productivity:

1. Development of novel and eco-friendly nanomaterials for agricultural applications, with an
emphasis on biodegradability, biocompatibility, and sustainability [214].

2. Optimization of the synthesis, characterization, and functionalization of nanomaterials for
targeted and efficient delivery of nutrients, pesticides, and genetic materials [215].

3. Investigation of the mechanisms underlying the interactions between nanomaterials and
plants, including uptake, translocation, accumulation, and biological effects [216].

4. Assessment of the long-term environmental fate, toxicity, and ecological impacts of
nanomaterials used in agriculture under realistic field conditions [217].

5. Development of advanced nanosensors and biosensors for real-time and in-situ monitoring of
crop health, nutrient status, and environmental conditions [218].

6. Integration of nanotechnology with other emerging technologies, such as biotechnology,
precision agriculture, and data analytics, for a holistic approach to crop management [219].



7. Establishment of standardized protocols, guidelines, and regulations for the safe and
responsible use of nanotechnology in agriculture, considering both scientific evidence and
public concerns [220].

8. Engagement of stakeholders, including farmers, researchers, policymakers, and the public, in
the development and implementation of nanotechnology in agriculture, to ensure its
acceptability and adoption [221].

8.3 Conclusion

In conclusion, nanotechnology offers immense potential for enhancing crop productivity and
addressing the challenges of sustainable agriculture. The application of nanomaterials,
nanobiotechnology, and nanosensors in agriculture has shown promising results in improving nutrient
management, pest and disease control, crop monitoring, and crop improvement. However, the
responsible and sustainable use of nanotechnology in agriculture requires a comprehensive
understanding of its benefits, risks, and challenges.

Future research should focus on developing eco-friendly and effective nanomaterials,
optimizing their application, investigating their interactions with plants and the environment, and
establishing appropriate safety guidelines and regulations. The integration of nanotechnology with
other emerging technologies and the engagement of stakeholders are also crucial for the successful
implementation of nanotechnology in agriculture.By harnessing the power of nanotechnology in a
responsible and sustainable manner, we can work towards enhancing crop productivity, ensuring food
security, and promoting sustainable agriculture for a growing global population.
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