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Introduction 

The foundation of nanotechnology was laid by Richard 

Feynman in his 1959 lecture, ‘'There's Plenty of Room at the 

Bottom.' The term was later introduced by Norio Taniguchi in 

1974. Subsequently, researchers have continued to investigate 

and develop various technologies and applications in the field 

of nanoscience. Nanotechnology, which focuses on 

manipulating matter on the nanoscale (1-100 nm). It is 

versatile because it allows for precise manipulation of 

materials at the atomic and molecular levels, enabling 

advancements in medicine, electronics, energy and materials 

science. This precision leads to innovations such as targeted 

drug delivery, highly efficient sensors, stronger yet lighter 

materials and improved energy storage solutions. These 

advancements are anticipated to have widespread 

applications across various sectors, including household items, 

communication, medicine, agriculture and the food industry 

(1). Nanotechnology-based products and applications in 

agriculture include nano-fertilizers, nanoherbicides and nano-

pesticides for improved crop protection and growth; nanoscale 

carriers and nano-sensors for efficient nutrient delivery and 

deficiency detection; water purification through removal of 

persistent contaminants and photocatalysis; and advanced 

preservation techniques using nano-barcodes and quantum 

dots. Weeds pose a significant threat to agriculture, 

particularly in vulnerable agroecosystems. Vulnerable 

agroecosystems refer to agricultural systems that are highly 

susceptible to environmental and socio-economic challenges. 

These include climate-prone regions affected by extreme 

weather conditions (droughts, floods and temperature 

fluctuations) and resource-limited areas with poor soil quality, 

water scarcity, or lack of access to essential agricultural inputs. 

Such ecosystems are at greater risk of reduced productivity, 

biodiversity loss and food insecurity where crop yields can be 

compromised. Most herbicides are designed to eliminate or 

manage the aboveground parts of the weeds. However, 

rhizomes and tubers, which serve as sources for new weed 

growth throughout the growing season, remain unaffected by 

certain herbicides that do not penetrate the soil, as they are 

located below the surface (2). Enhancing herbicide 

effectiveness using nanotechnology may result in increased 

crop yields. Nanoherbicides utilize nanoscale carriers or 

nanomaterial-based formulations to enhance the targeted and 

efficient delivery of active ingredients. Concerns regarding food 

and environmental contamination have intensified because of 

the excessive and improper use of conventional chemical 

herbicides. Compared with traditional herbicides, 

nanomaterial-based formulations offer improved solubility, 
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Abstract  

Nanotechnology offers innovative solutions across various fields, including agriculture. By manipulating matter at the nanoscale (1-100 

nm), nanotechnology facilitates the development of more efficient, durable and environmentally sustainable agricultural products. Key 
applications include nano-fertilizers, nano-pesticides and nanoherbicides, which enhance crop yields while mitigating environmental 

impact. For instance, nanoherbicides provide improved efficacy and targeted weed control, addressing challenges associated with 

conventional herbicides, such as resistance and soil contamination. Furthermore, nanotechnology enables the development of controlled

-release herbicide systems, reducing toxicity and enhancing crop safety. Additionally, nanoparticles play a crucial role in soil health, water 
purification and pest management. Nanoparticle production techniques, such as top-down and bottom-up approaches, enable precise 

material engineering for agricultural use. However, the potential adverse effects of nanomaterials, such as toxicity and cellular damage in 

plants, necessitate careful consideration. The integration of nanotechnology in agriculture promises increased productivity, 

environmental sustainability and enhanced food safety. Continued research and development are essential to address the challenges and 
optimize the benefits of nanotechnology in agriculture.  
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enhanced efficacy and reduced toxicity. These herbicides are 

coated with nanomaterials to enhance their bioavailability and 

improve weed control (3). 

 Incorporating new technologies in agriculture, 

including advanced monitoring systems, smart chemicals, 

gene delivery for crops, nanoherbicides and nanoformulations, 

is set to revolutionize the industry (4). These technological 

improvements enhance efficiency and decrease indirect 

agricultural waste by reducing environmental pollution. 

Therefore, it seems crucial to incorporate nanotechnology into 

farming practices and continue research and practical 

implementation in this field (5). 

What is nanotechnology?  

The term “nano” comes from the Greek word meaning “dwarf” 

or “small”. Nanotechnology primarily involves the Processing 

of materials which refers to the precise manipulation, 

modification and engineering of materials at the nanoscale to 

enhance their physical, chemical and biological properties for 

specific applications. According to the US Environmental 

Protection Agency (2007), nanotechnology is the science of 

understanding and controlling matter at scales of 

approximately 1-100 nm, where distinct physical properties 

enable new and innovative applications (6). From an 

agricultural viewpoint, nanoparticles are generally defined as 

particles ranging from 1 to 100 nm in size. However, some 

broader definitions in agricultural applications may extend this 

range up to 1000 nm, depending on functional properties and 

behavior exhibiting both colloidal and particulate 

characteristics. Nanotechnology is the science and technology 

focused on materials typically smaller than 100 nm, with one 

nanometer equaling 10-9 m. It combines with various fields 

such as solid-state physics, chemistry, chemical engineering, 

biochemistry, biophysics and materials science 

Nanotechnology represents an innovative scientific approach 

that utilizes materials and devices to harrness the unique 

physical and chemical properties of substances at the 

molecular level. This allows for the exploration of biological 

and material systems at the nanoscale, with applications 

ranging from medicine to agriculture (7). 

Nanoparticles 

A nanoparticle is defined as a particle, either of natural or 
manufactured origin, with at least one dimension within the 1 

to 100 nm range (Fig. 1). A nanometer is one billionth of a 

meter. Nanoparticles are utilized in various applications such 

as nanoemulsions, carbon nanotubes (CNTs), quantum dots, 

nanorods and micro and nanoencapsulation (8). 

Nanoparticles, generally ranging in size from 1 nm to 100 nm, 

possess unique physical properties that differ from those of 

bulk materials (9). Examples include nanoemulsions, CNTs, 

quantum dots, nanorods and materials encapsulated at the 

micro or nanoscale. Significant characteristics of nanoparticles 

include their morphology, hydrophobicity and solubility. 

Additionally, their surface properties such as area, roughness, 

potential contamination, adsorption during synthesis and 

ability to release toxic species also play a crucial role in their 

behavior. Additional critical factors include their ability to 

generate reactive oxygen species (ROS) with O₂ and H₂O, their 

structure, composition, competitive receptor binding sites and 

tendencies for dispersion and aggregation, which have been 

extensively studied (10). 

Techniques for producing nanoparticles 

The Royal Society and the Royal Academy of Engineering state 

that nanomaterials can be prepared through two primary 

approaches: a top-down method, which involves reducing the 

size of bulk materials and a bottom-up technique, which builds 

materials at the atomic level (12). 

Top-down approach 

This method involves the bulk materials being broken down 

into smaller nanoscale structures, resulting in a broad size 

distribution to create intricate patterns using mechanical and 

physical techniques such as grinding, milling and crushing to 

produce nanoparticles. In the aerospace and automotive 

sectors, it improves lightweight, durable materials for aircraft 

parts, coatings and engine components. The electronics and 

semiconductor industries employ nano-grained metallic and 

ceramic substances for microelectronics, sensors and 

advanced coatings. In the biomedical field, it aids in creating 

nanoparticles for drug delivery, medical implants and 

biosensors. It is commonly used to fabricate nanocomposites 

and nano-grained bulk materials, such as metallic and ceramic 

nanomaterials, with a broad size distribution ranging from (10 

to 1000 nm) as shown in Fig. 2. 

 

 

Fig. 1. Scale of nanoparticles (11). 
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Bottom-up system 

In the Bottom-up approach, multiple molecules undergo self-

assembly through parallel steps based on their molecular 

recognition properties, facilitating the formation of complex 

structures from atoms or molecules. This method allows for 

precise control over the size, shape and size distribution of 

nanomaterials (Fig. 3). Examples of self-assembly processes 

include chemical vapour deposition (CVD), widely used in 

semiconductor fabrication and sol-gel synthesis, commonly 

employed in producing metal oxides, coatings and catalysts. 

These techniques enable the controlled growth of 

nanomaterials with specific properties, making them essential 

in electronics, optics and biomedical applications. 

Advancement of nanotechnology in agriculture 

Nanotechnology has emerged as a promising tool in 
agriculture, offering solutions to some of the industry's biggest 

challenges, such as food security, crop productivity, 

environmental sustainability and the effects of climate change. 

Advancements in nanotechnology in agriculture span across 

several areas, including crop protection, nutrient delivery, soil 

management, pest control and even food safety (Table 1). 

Application Nanomaterial Function/Benefits Reference 

Nanofertilizer matrix 
and coating designs 

•Chitosan, Alginate,Gelatin 

•Graphene 

•Carbon Nanotubes 

•Hydroxyapatite 

•Slow, sustained, or targeted nutrient release is 
synchronized with crop demand. 

•Markedly reduces nutrient losses. 

(14) 

Encapsulation of garlic 
essential oil in fertilizers •Chitosan nanoparticles 

•The bioactivity of garlic essential oil was preserved. 

•Induced 22-55 % increase in wheat grain yield under 
stress conditions 

(15) 

Plant health and disease 
diagnosis 

•Quantum dot nanoprobes 

•Gold nanoparticle-based assays 

•Highly sensitive and rapid nano biosensors for on-site 
monitoring of plant health enable quick and accurate 

assessment of plant conditions in real time. 

•Quick detection of plant pathogens in field samples, 
before symptom onset 

(16) 

Insect and pest 
detection 

•Carbon nanotube gas sensors 

• Aptamer-based electrochemical sensors 

•Sensitive on-site detection of insects and pests allows 
for the quick and accurate identification of pests in 

their natural environment, enabling timely 
management and control. 

•Rapid detection of insect pheromones or wing 
vibrations from low pest populations. Enabling prompt 

control interventions. 

(17) 

Water purification for 
irrigation 

•Graphene oxide nanofiltration  
membranes 

•High-performance nanomembranes demonstrated 98 
% rejection of salt ions and micropollutants in field 

drainage water. 

•Produces excellent quality water for crop irrigation. 

(18) 

Real-time irrigation 
scheduling 

•Wireless nanosensor networks. 

•Tensiometer nanosensors. 

•Infrared nanosensor films 

•Precise irrigation scheduling for optimal water use 
efficiency. 

•Tensiometer nanosensors measure water potential in 
situ, triggering irrigation when needed. 

•Infrared films detect water stress onset early. 

(19) 

Soil moisture retention 
enhancement 

•Hydrophilic nanomaterials. 

•Nanoclay minerals. 

•Cellulose nanofiber amendments 

•Nanoclays improve soil moisture retention, reducing 
irrigation needs. 

•Increased available soil water content in sandy soils. 

•Cellulose nanofibers nearly doubled the plant-
available water in light soils. 

(20) 
  

Table 1. Some key advancements and applications of nanotechnology in agriculture 

Fig. 2. Mechanical process for creating nanoparticles (12). 



SANTHOSH ET AL  4     

https://plantsciencetoday.online 

Nanoherbicides 

In agriculture, where labor is intensive, costs are high and 

environmental hazards are present, nanoherbicides offer 

significant potential for eliminating weeds from fields with 

minimal labor and reduced environmental risk. 

Conventionally, herbicides are applied to standing crops to 

control weeds; however, this approach can adversely affect the 

crops and significantly reduce their yields (21). Nanoherbicides 

represent a viable tool for controlling weeds in sustainable 

agricultural practices. Certain compounds specific to these 

nanocarriers exhibit distinct morphological and physiological 

characteristics at sizes greater than 100 nm (22). These 

nanoherbicides have demonstrated increased efficacy due to a 

higher rate of diffusion, enhanced adhesion and extended 

contact times with the leaves. They effectively regulate the 

transport of ions and other biomolecules within plant cells 

(23). Nano MTZ (nano metribuzin) has been recognized as a 

highly potent weed control agent in agriculture (14). It is more 

effective than traditional herbicides, functioning at a lower rate 

(48 g ai/ha) to reduce pigment levels and inhibit Photosystem II 

activity. Additionally, it offers greater mobility, reduced 

retention in soils and no inhibitory effects on enzymatic 

processes. Various types of nanoherbicides have been 

proposed, utilizing both inorganic and organic nanocarriers. 

Nanoencapsulation 

Nanoencapsulation involves embedding active herbicide 

ingredients within nanometer-scale carriers such as liposomes, 

polymeric nanoparticles, or mesoporous silica nanoparticles. 

This approach enhances herbicide performance primarily by 

enabling the controlled release of the active ingredient. In a 

typical nano-encapsulated system, the herbicide is enclosed 

within a protective shell that gradually degrades under specific 

environmental conditions such as pH, temperature and 

humidity (24). This controlled-release mechanism allows the 

active ingredient to be delivered over an extended period, 

decreasing the need for multiple applications. 

Nanoencapsulated herbicide 

Herbicides can be applied through nanoencapsulation, where 
an active chemical is encapsulated within materials ranging 

from nano-to microscale, enabling controlled release to 

maintain weed-free conditions throughout the season. 

Encapsulated or coated substances are commonly referred to 

as the internal phase, filler, or core material (25). 

Nanoencapsulation of herbicides enables slow release, 

ensuring that active chemicals are available at the proper 

concentration for the appropriate duration to effectively target 

weeds without harming crop plants. Herbicides are coated 

with a semi-permeable membrane made from organic or 

inorganic polymers, which regulate their release and enhance 

efficiency. Examples of commonly used polymers include 

polyethylene glycol (PEG), widely used for controlled-release 

formulations and poly (lactic-co-glycolic acid) (PLGA), a 

biodegradable polymer commonly applied in agricultural and 

pharmaceutical industries. Additionally, chitosan, a natural 

biopolymer, is frequently used for its biodegradability and eco-

friendly properties, while silicone-based polymers serve as 

inorganic alternatives for sustained herbicide release (26). 

These polymers help improve herbicide stability, reduce 

environmental impact and ensure targeted delivery, allowing 

them to dissolve in water and release active ingredients 

through mechanisms such as ion exchange, diffusion, osmotic 

pressure, or matrix degradation (Fig. 4). 

Targeted delivery systems in nanoherbicides 

A highly promising application of nanotechnology in 

agriculture is the creation of targeted delivery systems for 

herbicides. This system aims to deliver the active ingredient 

directly to the target weed, reducing the impact on non-target 

plants and the environment. Compared to conventional 

herbicide spraying, which often leads to significant drift, runoff 

and wastage, this controlled-release approach enhances 

efficiency by minimizing herbicide loss and ensuring sustained 

targeted delivery. As a result, lower doses can achieve the 

desired effect, reducing chemical usage, environmental 

contamination and costs while improving weed control 

effectiveness over time. This precision is achieved by 

functionalizing nanoparticles with ligands or antibodies that 

specifically bind to receptors on the surface of the target 

organism. For example, folic acid is a commonly used ligand 

that targets folate receptors, which are overexpressed in 

certain cancer cells. Similarly, monoclonal antibodies such as 

trastuzumab (Herceptin) can be used to bind to HER2 

receptors on cancer cells, enabling highly specific drug 

delivery. These targeted approaches enhance treatment 

 

Fig. 3. The structures of nanoparticles created through chemical methods (13). 
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efficacy while minimizing side effects on healthy cells. (27). This 

approach involves encapsulating the herbicide molecules 

within nanoparticles engineered to target specific receptors on 

weed roots. Once absorbed by the plant, the herbicide is 

transported to critical areas, where it disrupts glycolysis within 

the root system (28). Applying herbicides in rainfed areas with 

over 750 mm of annual rainfall can result in vaporization losses 

if soil moisture is low. Accurate rainfall prediction remains a 

challenge, complicating herbicide application timing (Fig. 5). 

Controlled release of encapsulated herbicides provides an 

effective solution for managing weeds, revolutionizing 

herbicide use. The nanotechnology revolution has introduced 

eco-friendly, cost-efficient nanoherbicides and offers effective 

weed control with minimal environmental impact (29). 

Mechanisms of action of the nanoparticles used in 

weed management 

Nanoherbicides represent a promising advancement in 

sustainable weed management, significantly impacting plant 

physiology, metabolism and biochemistry through multiple 

mechanisms. These nanoscale formulations alter gene 

expression, lipid peroxidation, chlorophyll and protein content 

and antioxidant activity while disrupting cell membranes, 

causing electrolyte leakage and oxidative stress. Plants 

attempt to mitigate these effects by compartmentalizing 

nanostructures into vacuoles. Nanoherbicides particularly 

affect mitochondria and chloroplasts by interfering with the 

electron transport chain (ETC), ROS production and 

photosynthesis, with ROS-related effects stemming from 

prooxidant functional groups, redox cycling and particle-cell 

interactions (Fig. 6). While their impact on mitochondrial 

function, including the tricarboxylic acid (TCA) cycle, remains 

under-researched, studies indicate that in chloroplasts, 

nanoherbicides can reduce PSII quantum yield, deactivate PSI 

and impair CO₂ assimilation. Research suggests that 

nanoencapsulation, such as polycaprolactone (PCL) 

nanocapsules, reduce herbicide toxicity, though nuclear 

penetration of nanoherbicides may still damage genetic 

material and alter transcriptomic behavior by upregulating 

antioxidant-related genes. Additionally, nanoherbicides 

influence protein and lipid production by targeting the 

endoplasmic reticulum (ER), potentially reducing protein 

synthesis while forming a protein corona that alters their 

biological interactions. Their cellular uptake occurs through 

passive diffusion or active endocytosis, differing from 

conventional herbicides in localization, as nanoherbicides may 

 

Fig. 5. A visual representation of the administration of nanoencapsulated herbicides in the crop-weed environment (30).  

 

Fig. 4. Nanoencapsulated particles (26). 
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accumulate in the Golgi apparatus near the nucleus, affecting 

intracellular trafficking. A critical research gap exists regarding 

their interactions with non-target plants and rhizosphere 

microbial communities, as studies on nanoatrazine indicate 

that prolonged exposure may disrupt bacterial populations 

and plant-soil dynamics. Mechanistically, nanoherbicides 

enhance herbicide delivery by improving solubility, stability 

and bioavailability, leading to controlled release, prolonged 

action and reduced environmental impact. For example, 

atrazine encapsulated in silica nanoparticles has been shown 

to enhance retention in weed tissues while reducing leaching. 

Furthermore, some nanoparticles physically disrupt weed 

germination and root development by forming coatings that 

block water absorption and gas exchange. One example of a 

weed species affected by silica and carbon-based 

nanoparticles is Amaranthus retroflexus (redroot pigweed). 

Studies have shown that these nanoparticles can alter soil 

properties, such as water retention and nutrient availability, 

thereby inhibiting the germination and early growth of 

Amaranthus retroflexus seedlings. Additionally, metal and 

metal oxide nanoparticles (e.g., CuO, ZnO, TiO₂) generate ROS 

in plant tissues, causing oxidative stress, membrane damage 

and photosynthetic disruption. Research on Amaranthus 

palmeri has shown that copper nanoparticles (CuNPs) 

decrease chlorophyll content and reduce weed viability. 

Nanoherbicides also interfere with nutrient uptake by 

chelating essential micronutrients such as iron (Fe) and zinc 

(Zn), reducing their bioavailability to weeds. Studies have 

found that ZnO and TiO₂ nanoparticles restrict nitrogen and 

phosphorus uptake, significantly lowering weed biomass. 

Nanoherbicides pose potential risks to beneficial soil microbes 

by disrupting microbial communities, altering enzyme 

activities and affecting nutrient cycling. Some nanoparticles 

may exhibit toxicity to essential bacteria and fungi, reducing 

their populations and impairing soil health. Additionally, long-

term accumulation could lead to imbalances in microbial 

diversity, potentially affecting plant-soil interactions and 

ecosystem stability. However, comprehensive research is 

necessary to fully understand their long-term impacts on plant 

physiology, soil ecosystems and non-target species. Ensuring 

their safe and effective use requires further studies on their 

molecular interactions, ecological consequences and risks 

associated with prolonged exposure in agricultural 

environments. 

Nano biosensors for herbicide residue detection 

A nano biosensor for detecting herbicide residues is a cutting-

edge technology designed to identify trace amounts of 

herbicides in environmental samples, such as soil, water, or 

food products (31). These sensors typically utilize 

nanomaterials, such as nanoparticles, nanowires, or CNTs, 

which enhance the sensitivity and specificity of detection due 

to their large surface area and unique electronic properties. 

The biosensor works by immobilizing a bio-recognition 

element (such as an enzyme, antibody, or receptor) onto the 

surface of the nanomaterial. This recognition element interacts 

specifically with the target herbicide molecules, triggering a 

measurable signal, often in the form of optical, 

electrochemical, or mass-based responses (32). 

 In the case of herbicide detection, the biosensor can be 
tailored to recognize specific herbicide molecules, such as 

glyphosate, diclofop, or atrazine, through molecular 

interactions. The presence of the herbicide changes the 

properties of the nanomaterial or the bio-recognition element, 

leading to a detectable change in the signal (33). The sensitivity 

of these sensors allows for the detection of herbicide 

concentrations at very low levels, well below the regulatory 

limits. Additionally, their portability and rapid response times 

make nano biosensors ideal for on-site environmental 

monitoring and food safety applications. These sensors are 

considered an important tool for ensuring the safety of 

ecosystems and human health, as they enable real-time, 

accurate and cost-effective detection of herbicide 

contamination (34). 

 To increase yield, chemical herbicides have become 

increasingly popular since the Green Revolution. While farmers 

have seen success in terms of output, food materials will 

inevitably become contaminated with chemical herbicides, 

posing threats to human health and food safety (35). About 40 

% of the global herbicide market consists of the two most 

commonly used herbicides, atrazine and glyphosate (36). The 

enzyme acetylcholinesterase (AChE), which catalyzes the 

breakdown of the neurotransmitter acetylcholine, plays a 

significant role in our body. Herbicide toxins in food have a 

devastating effect on human health because they primarily 

 

Fig. 6. Mechanisms of action of the nanoparticles. 
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inhibit this enzyme's function. To prevent this, food items 

should be examined and the level of herbicide residues should 

be determined before consumption. Although numerous 

chromatographic techniques (such as GC and HPLC) and 

linked chromatographic-spectrometric processes (like GC–MS 

and HPLC-MS) are commercially available, these technologies 

can be expensive and are often incapable of performing real-

time analysis. AChE activity is typically measured using the 

colorimetric Ellman assay both before and after exposure to 

herbicides to detect them (37).  

 Biosensors based on AuNPs (3 nm) nanoparticles have 

been used to detect a variety of herbicide molecules, including 

paraquat, oxyfluorfen, diquat and bromoxynil, at 

concentrations of 24 µg/mL. A chemiluminescence (CL) 

"fingerprint" associated with each herbicide was created by 

combining Lum-AgNPs with an H2O2-based CL detection 

method. Recently, a chitosan-TiO2 graphene nanocomposite-

based biosensor for the detection of atrazine in groundnuts was 

developed. This biosensor is highly stable and reproducible, with 

the nanocomposite's porosity effectively immobilizing enzymes, 

thus enhancing the biosensor's stability (38).  

Weed seed bank exhaustion 

The utilization of nanoparticles for the depletion of weed seed 

banks represents an emerging approach in environmental and 

agricultural research. Nanoparticles inhibit weed seed 

germination through multiple mechanisms, including forming 

a physical barrier that alters soil structure and reduces water 

and oxygen availability, generating ROS that induce oxidative 

stress and damage seed cells, interfering with plant hormone 

signaling (e.g., gibberellins and abscisic acid) to disrupt 

germination and sequestering essential nutrients, limiting their 

availability to seeds. These interactions collectively suppress 

weed emergence from the soil seed bank, reducing 

competition in agricultural fields (Table 2). Consequently, this 

strategy may reduce dependence on conventional herbicides 

and contribute to addressing the escalating issue of herbicide-

resistant weeds (39). 

Detoxification of herbicide 

Detoxification is a reliable strategy to lower the toxic levels of 

herbicides and enhance the plant's resistance to the chemical 

(45). The detoxification of herbicide residues using 

nanoparticles is one of the most significant applications of 

nanotechnology in agriculture. Studies have demonstrated 

that the overuse of herbicides and the accumulation of their 

residues in soil can harm crops. Prolonged reliance on a single 

herbicide promotes the development of herbicide-resistant 

weed species and alters weed flora composition. The 

application of herbicides has significantly harmed the 

environment, with their persistence and contamination 

potential posing major challenges to human health and 

environmental safety (46). Carbon-based nano-adsorbents, 

such as CNTs, represent an emerging class of nanomaterials 

with significant potential for removing various herbicide 

residues from soil. Similarly, graphene, another carbon 

nanomaterial, holds immense promise in water purification 

and other applications due to its distinctive physical and 

chemical properties. Nanocrystalline metal oxides, including 

ferric, manganese, aluminium, titanium, magnesium and 

cerium oxides, serve as highly efficient adsorbents for a wide 

range of herbicides. Beyond adsorption, these nanomaterials 

can neutralize chemical hazards by transforming them into 

safer by-products. Combining bioaugmentation and bio-

stimulation with the addition of organic matter offers a 

promising approach for enhancing the biodegradation of 

herbicides in soil (47, 48). 

Nanoencapsulation of herbicides enables controlled 

slow release 

Nanoencapsulation of herbicides enables controlled, slow 
release, improving the efficiency and environmental safety of 

weed management practices. This process involves 

encapsulating herbicides within a semi-permeable membrane 

made from organic or inorganic polymers, which serves as a 

protective barrier regulating the release of active ingredients 

through mechanisms such as diffusion, ion exchange and 

external stimuli response. Using nanoparticles for herbicide 

encapsulation ensures a gradual, sustained release, 

maintaining optimal concentration of the active ingredient for 

effective weed control and reducing the frequency of 

applications. This controlled release mechanism enhances the 

herbicide's bioavailability, minimizes volatilization and 

leaching losses and prevents rapid degradation due to 

environmental factors such as UV radiation and microbial 

activity. Moreover, nanoencapsulation significantly mitigates 

the potentially toxic effects of herbicides on soil biodiversity by 

preventing excessive accumulation in non-target areas, 

thereby preserving beneficial soil microorganisms and 

promoting long-term soil health. The reduced off-target 

movement of herbicides lowers the risk of groundwater 

contamination and non-selective toxicity to crops and 

surrounding vegetation. Additionally, nanoencapsulation 

allows for the development of targeted delivery systems, where 

Nanoparticles Effects Reference 

Ag/Na nanoparticles 

•Dehydration of pollen grains 

•Induces sterility in weed flowers 

•Preventing seed production. 

(40) 

Use of Carbon Nanotubes (CNTs) 
•Render seeds are non-viable instead of targeting seedlings. 

•Acts as conduits for water and chemical 
(41) 

Nanoencapsulation of triazine 
•Significantly increases mortality rates in seedlings                        

(e.g., B. pilosa). 

•Reduces atrazine mobility in soil. 

(42) 

Nano formulation  (43) 
pre-emergence herbicide pendimethalin in 

combination with silver nanoparticles and hydrogen 
peroxide 

•Reduction in the enlargement of future soil weed seed bank. (44) 

Table 2. Key approaches to using nanoparticles for weed seed bank exhaustion 
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surface modifications enable herbicide nanoparticles to interact 

selectively with weed species, enhancing herbicidal efficacy 

while minimizing adverse effects on crops and beneficial 

organisms. Encapsulated formulations also improve herbicide 

stability under varying environmental conditions, extending 

shelf life and ensuring consistent field performance. By offering 

precise and controlled herbicide delivery, nanoencapsulation 

technology represents a significant advancement in sustainable 

agriculture, contributing to improved weed management 

practices while reducing the environmental footprint of 

chemical herbicides. However, further research is needed to 

optimize encapsulation materials, assess long-term 

environmental impacts and ensure large-scale applicability 

without unintended ecological consequences. 

Eco-friendly of nanoherbicides 

Nanoherbicides inhibit leaching, volatilization and premature 

degradation of active ingredients through various 

mechanisms. The encapsulation of herbicides at the nanoscale 

results in more targeted and environmentally sustainable 

agricultural formulations. The use of nanoherbicides in 

reduced quantities offers several advantages such as 

mitigating the persistent effects of herbicide residues in 

agricultural fields and diminishing their environmental toxicity. 

Furthermore, it facilitates weed elimination without adversely 

affecting crop plants, ultimately leading to enhanced crop 

yield (49). Nanoherbicide delivery systems incorporate five 

stimuli-responsive features to achieve a controlled release of 

the encapsulated PQ herbicide. These five stimuli - acidic pH, 

basic pH, GSH, phosphate and EDTA, are closely associated 

with physiological and environmental factors in plants. Upon 

entering plants or soil, eco-friendly nanocarriers degrade, 

thereby preventing bioaccumulation (50). Given the challenges 

in translating research findings and identifying alternative 

herbicides for weed management, PCL nanoparticles have 

been developed for the sustainable use of bioactive 

compounds. These nanoparticles are utilized to create 

nanoherbicides containing triazine-class chemicals (ametrine, 

atrazine and simazine), polycaprolactone and metribuzin (51). 

PCL is particularly valuable for encapsulating herbicides, 

especially atrazine-based ones, due to its readily modifiable 

chemical composition, biodegradability, biocompatibility, 

controlled distribution, high colloidal stability of molar masses 

and controllable architectures. These properties render 

herbicides environmentally sustainable. Currently, 

nanoprecipitation and emulsion-solvent diffusion techniques 

are employed to produce PCL nanoherbicides, such as nano-

PCL-atrazine and nano-PCL-metribuzin (52). 

Advantages of nanoencapsulation in herbicide delivery 

The application of nano-encapsulated herbicides offers several 
benefits over conventional formulations: 

Prolonged herbicidal activity 

The slow and controlled release ensures a sustained effect, 

reducing the need for frequent herbicide applications and 

lowering input costs for farmers. 

Reduced environmental impact 

By minimizing herbicide runoff, volatilization and leaching, 

nanoencapsulation mitigates contamination of groundwater 

and nearby ecosystems, promoting environmental safety. 

Enhanced targeted delivery 

Nanoencapsulation allows for site-specific herbicide delivery, 

reducing non-target effects on beneficial soil microbes, crops 

and surrounding flora. 

Minimization of phytotoxicity and soil toxicity 

Traditional herbicides, when applied in high doses, can 

accumulate in the soil and negatively impact microbial 

diversity. Controlled release through nanoencapsulation 

ensures that only the necessary concentration reaches the 

weeds, protecting soil biodiversity. 

Improved herbicide stability 

Encapsulation enhances the stability of herbicides against 

environmental degradation, such as UV radiation, hydrolysis 

and microbial breakdown, extending their shelf life and 

effectiveness. 

Compatibility with sustainable agriculture 

Nanoencapsulation aligns with precision agriculture by 

reducing herbicide waste and improving resource efficiency, 

thereby supporting sustainable weed management practices. 

Negative effects of nano materials in plants 

✔ Nanomaterials like titanium dioxide (TiO₂ NPs), zinc oxide 
(ZnO NPs) and silver (AgNPs) can generate ROS in plant cells, 

damaging proteins, lipids, DNA and cell membranes, leading to 

cellular stress or death (53). 

✔ Nanoparticle accumulation on leaf surfaces and within 
tissues may reduce light absorption and chlorophyll 

production, impairing photosynthesis.  

✔ Some nanomaterials adhere to roots or alter membrane 
permeability, disrupting essential nutrient absorption (54).  

✔ High concentrations of metal-based nanoparticles can 
reduce seed germination and delay seedling growth.  

✔ Nanoparticles like CNTs, silver and zinc oxide may also cause 
DNA damage and genetic instability, affecting future plant 

generations.  

 

Conclusion  

The future potential of nanoherbicides lies in large-scale 

optimization, long-term environmental impact assessment and 

regulatory development. Nanotechnology holds transformative 

potential, particularly in enhancing weed management and 

improving overall sustainability. The integration of 

nanoherbicides, nanoencapsulation and targeted delivery 

systems addresses the limitations of traditional chemical 

herbicides by enabling the precise and controlled application of 

active ingredients, reducing environmental contamination and 

minimizing harm to non-target organisms. Additionally, nano-

biosensors offer innovative solutions for detecting herbicide 

residues, ensuring food safety and monitoring the environment. 

Nanoparticles can also be utilized for the detoxification of 

persistent herbicide residues, contributing to healthier 

ecosystems. However, widespread adoption requires 

optimizing nanoherbicides for large-scale use through 
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improved formulation stability and integration with precision 

agriculture technologies such as drone-based spraying and 

smart sensors. Their long-term environmental effects must be 

studied, including their persistence in soil, interactions with 

beneficial microbes and potential toxicity to non-target 

organisms. Regulatory frameworks must establish safety 

guidelines, risk assessments and standardized approval 

processes while ensuring public awareness and acceptance. 

Continued research and development are essential for 

overcoming challenges such as cost, scalability and regulatory 

approvals, ultimately paving the way for a more sustainable 

and efficient agricultural future.  
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