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Abstract
Nanotechnology offers transformative potential in agriculture and horticulture, revolutionizing 
crop production, plant health, and resource management. Its dynamic influence is particularly 
evident in enhancing vegetable yields through targeted nutrient delivery. Nanofertilizers, 
which utilize nanoparticles with higher surface tension than conventional fertilizers, provide 
plants with slow-release, efficient nutrient availability. This improves nutrient uptake, reduces 
waste, and promotes more sustainable farming practices. Nanofertilizers are specifically 
designed to optimize plant growth, fertility, and pollination in flowers, resulting in higher yields 
and improved quality in horticultural crops. By enhancing the availability and use efficiency of 
nutrients, nano fertilizers reduce nutrient fixation and enhance overall productivity.

This review focuses on the significance of nanotechnology development, nanomaterials, and 
nano fertilizers, highlighting their potential to improve productivity and quality in horticultural 
crops. It also explores how nanoparticles can enhance plant resilience, particularly in response 
to environmental changes, supporting food security for the growing global population. 
By providing targeted, efficient solutions, nanotechnology offers promising strategies for 
ensuring the long-term sustainability and health of horticultural production systems. The 
application of nanofertilizers in enhancing both crop quality and environmental sustainability 
positions nanotechnology as a key innovation for the future of agriculture.
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1. Introduction

Nanotechnology is a rapidly evolving field that involves the 
study, design, synthesis, and application of materials at the 
nanoscale, typically smaller than 100 nanometers. These 
nanomaterials exhibit unique physicochemical properties 
that differ significantly from their bulk counterparts, 
including enhanced reactivity, increased surface area-
to-volume ratio, and improved functionalities [1-3]. Due 
to these attributes, nanotechnology is explored across 
multiple disciplines, including medicine, environmental 
science, and agriculture [4].

In the agricultural sector, nanotechnology offers 
transformative solutions by enhancing nutrient 
absorption, improving fertilizer use efficiency, and 
reducing environmental impacts. Conventional fertilizers 
often suffer from low nutrient use efficiency due to 
leaching, volatilization, and fixation losses, which 
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contribute to environmental pollution and increased 
production costs [5]. In contrast, nanofertilizers, designed 
as controlled-release delivery systems, provide controlled 
release kinetics, enhance nutrient uptake, and minimize 
losses by targeting plant cells more efficiently [6].

Nanofertilizers have emerged as a promising 
alternative to traditional mineral fertilizers, offering 
significant advantages in nutrient delivery and 
absorption. Unlike conventional fertilizers, which often 
lead to excessive nutrient runoff and environmental 
pollution, nanofertilizers improve nutrient use efficiency 
by ensuring slow and controlled release, reducing 
leaching into water bodies, and minimizing greenhouse 
gas emissions associated with fertilizer production and 
application. Additionally, nanofertilizers enhance soil 
health by preventing the accumulation of toxic salts 
and excessive chemical residues, which are common 
drawbacks of mineral fertilizers. Their ability to improve 
nutrient bioavailability also means that lower quantities 
are required, leading to cost savings for farmers and 
decreased dependency on synthetic fertilizers [7].

Horticultural production, in particular, can greatly 
benefit from nano fertilization. Horticultural crops, 
including fruits, vegetables, and ornamentals, require 
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precise nutrient management to maximize yield, 
improve quality, and enhance resistance to biotic and 
abiotic stresses. Nanofertilizers provide a highly efficient 
mechanism for delivering essential nutrients, such as 
nitrogen, phosphorus, and potassium in a more targeted 
manner, reducing nutrient wastage and optimizing 
plant uptake. Additionally, their role in enhancing plant 
resilience to diseases, drought, and other environmental 
stresses makes them an invaluable tool for sustainable 
horticultural practices. Implementing nanofertilizers in 
horticulture could significantly contribute to increased 
productivity, higher nutritional quality of produce, 
and reduced dependency on chemical inputs, thereby 
promoting eco-friendly and cost-effective farming 
systems.

Advances in nanotechnology have enabled the 
synthesis of nanoparticles using various fabrication 
methods, including physical, chemical, biological, 
and hybrid techniques. These methods allow for 
the development of customized nanofertilizers that 
improve nutrient bioavailability while reducing negative 
environmental impacts. Different types of nanomaterials, 
such as nanoparticles of essential metals, nanoscale 
phosphorus, and silica nanoparticles, have demonstrated 
potential in enhancing soil fertility and plant resilience 
[7].

Despite the promising advantages of nanofertilizers, 
significant challenges remain regarding their large-
scale implementation, cost-effectiveness, and potential 
long-term environmental and ecological impacts. 
While several studies have explored the benefits of 
nanofertilizers, existing literature primarily focuses on 
their physicochemical properties, synthesis methods, and 
short-term efficiency [7, 8]. However, there is a critical 
gap in comprehensive reviews addressing the long-term 
sustainability, regulatory considerations, and comparative 
economic feasibility of nanofertilizers relative to 
conventional fertilizers. Additionally, further investigation 
is needed into their impact on soil microbiota, plant 
health, and potential bioaccumulation risks.

Furthermore, nanofertilizers could play a crucial role 
in mitigating environmental pollution caused by excessive 
fertilizer use. The controlled release of nutrients from 
nanofertilizers minimizes nutrient runoff into water 
bodies, reducing eutrophication and associated ecological 
disturbances. Recent research has highlighted the 
potential of nanosensors to monitor soil nutrient levels 
and optimize fertilizer application, thereby increasing 
precision agriculture practices [9]. However, concerns 
regarding nanoparticle toxicity, soil persistence, and 
interactions with microbial communities warrant further 
investigation to ensure their safe and sustainable use in 
agriculture.

This review aims to bridge this research gap 
by providing an in-depth analysis of the role of 
nanotechnology in fertilizer development, emphasizing 
its benefits, challenges, and potential applications in 
horticultural crop production. By synthesizing recent 
advancements and evaluating emerging concerns, 
this study offers valuable insights into the practical 
implementation of nanofertilizers to improve agricultural 

sustainability and food security. Understanding these 
aspects is crucial for developing policies, regulatory 
frameworks, and future research directions to ensure the 
responsible and effective use of nanofertilizers in modern 
agriculture.

2. The Science Behind Nanofertilizers

The application of fertilizers has long been recognized as a 
crucial factor in enhancing plant growth and yield. Modern 
synthetic fertilizers provide essential macronutrients, 
such as nitrogen, phosphorus, and potassium, along with 
secondary nutrients required for plant development. 
While synthetic fertilizers have significantly improved 
agricultural productivity, their excessive use leads to 
environmental pollution, soil degradation, and reduced 
long-term sustainability. Over-reliance on chemical 
fertilizers can result in nutrient imbalances, decreased soil 
microbial activity, and the leaching of harmful substances 
into water bodies, contributing to eutrophication and soil 
acidification [6].

Conventional agriculture relies heavily on chemical 
fertilizers to enhance crop yield and quality. The Green 
Revolution played a pivotal role in increasing food 
production through the widespread adoption of synthetic 
fertilizers. However, it is estimated that more than 50% of 
applied chemical fertilizers and pesticides remains unused, 
accumulating in the soil and surrounding ecosystems [10]. 
This inefficiency not only leads to economic losses but 
also poses serious environmental hazards. The growing 
awareness of these negative impacts has prompted 
extensive research into alternative approaches, such as 
biofertilizers, microbial consortia, and innovative nutrient 
management strategies [11].

The role of fertilizers extends beyond simply increasing 
yield; they influence various physiological and biochemical 
processes that affect plant development, fruiting, and 
overall quality. However, excessive or improper fertilizer 
application can disrupt plant metabolism, induce nutrient 
deficiencies, alter vegetative and generative organ 
development, and even cause phytotoxicity [12, 13]. Long-
term overuse of mineral fertilizers depletes soil organic 
matter, weakens soil structure, and increases greenhouse 
gas emissions, necessitating the urgent adoption of more 
sustainable fertilization practices [14].

Given these concerns, advanced agricultural 
technologies are being developed to create more 
efficient and environmentally friendly fertilizers. One 
such approach involves the use of nanotechnology to 
produce smart fertilizers, known as nanofertilizers. 
These formulations leverage nanoscale materials to 
enhance nutrient delivery, improve soil fertility, and 
reduce environmental contamination. Nanofertilizers 
can mitigate many of the drawbacks associated with 
conventional fertilizers, including nutrient loss through 
leaching, volatilization, and runoff [15]. 

Nanotechnology involves the manipulation of 
materials at the atomic and molecular levels, leading to the 
development of nanostructured fertilizers that optimize 
nutrient uptake and utilization. Nanofertilizers can be 
designed to release nutrients in a controlled manner, 
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ensuring a sustained supply of essential elements to crops. 
This targeted delivery system minimizes nutrient wastage, 
enhances photosynthesis, boosts crop productivity, and 
improves overall plant health while significantly reducing 
the frequency of fertilizer application and its associated 
environmental burden [16].

A key advantage of nanofertilizers is their high surface 
area-to-volume ratio, which enables more efficient 
nutrient absorption and reduces soil toxicity [1]. Unlike 
traditional fertilizers, nanofertilizers facilitate the gradual 
release of nutrients, ensuring that plants receive the 
necessary elements at different growth stages. This 
controlled-release mechanism enhances nutrient use 
efficiency and prevents excessive accumulation of 
nutrients in the soil, mitigating the risks of environmental 
pollution [17].

Nanofertilizers play a crucial role in modern 
agriculture by providing effective formulations and 
delivery mechanisms that ensure optimal uptake and 
utilization by plants. By leveraging nanoparticles (NPs) 
made from various metals and metal oxides, we can 
enhance nutrient use efficiency and environmental 
quality while avoiding detrimental chemical alterations. 
The smaller size of nanoscale particles allows them to be 
absorbed differently compared to bulk particles or ionic 
salts, offering significant advantages [17]. 

The mechanisms of action of nanofertilizers differ 
from those of conventional fertilizers due to their unique 
physicochemical properties (Table 1). Their small particle 
size enables better penetration into plant tissues, leading 
to more efficient nutrient transport. Nanofertilizers 
can be absorbed through the roots, leaves, and 
stomatal openings, allowing for multiple application 
methods, including foliar spraying, fertigation, and soil 
incorporation. Once absorbed, nanoparticles interact 
with plant cells to enhance enzymatic activities, promote 
chlorophyll synthesis, and stimulate metabolic pathways 
essential for plant growth [8].

In horticultural production, nanofertilizers offer 
significant advantages by improving nutrient efficiency, 
reducing input costs, and minimizing environmental 
pollution. Horticultural crops, which include fruits, 
vegetables, and ornamental plants, require precise 
nutrient management to achieve optimal growth and 
quality. The application of nanofertilizers in horticulture 
enhances root development, increases stress resistance, 
and improves post-harvest quality. Additionally, 
nanoscale formulations of essential nutrients, such as 
iron, manganese, and zinc, have demonstrated superior 
bioavailability and uptake efficiency in horticultural crops, 
ensuring higher yields and improved produce quality [7].

Nanofertilizers can be categorized into three main 
types [1]:
- Nanoscale Fertilizer: Conventional fertilizers reduced 
to nanoparticle size, increasing their reactivity and 
bioavailability.
- Nanoscale Additive Fertilizer: Traditional fertilizers 
combined with nanomaterials to improve nutrient 
efficiency.
- Nanoscale Coating Fertilizer: Nutrients encapsulated 
within nanofilms or incorporated into porous 

nanomaterials, ensuring slow and targeted release.
These novel fertilizers incorporate essential nutrients 

such as nitrogen (N), phosphorus (P), potassium (K), iron 
(Fe), and manganese (Mn), which are either bound to 
nanocarriers or formulated as nano-sized particles. The 
use of polymer coatings, clay-based encapsulation, and 
biopolymer matrices further enhances their stability 
and efficiency. By optimizing nutrient bioavailability, 
nanofertilizers contribute to improved crop resilience and 
soil fertility while minimizing nutrient loss [11, 18]. 

Intrinsic factors that influence the efficacy of 
nanoparticles (NPs) include their surface properties, such 
as coatings and particle size, which affect their stability, 
solubility, and interaction with plant tissues. Meanwhile, 
extrinsic factors encompass soil characteristics, including 
texture, pH levels, and organic matter content, all 
of which play a crucial role in determining nutrient 
availability and uptake efficiency. The mode of absorption, 
whether through the roots or leaves, directly impacts 
the bioavailability and distribution of nanofertilizers 
within the plant, ultimately shaping their agronomic 
effectiveness [19]. 

By understanding and optimizing these factors, 
nanofertilizers can be tailored to maximize nutrient use 
efficiency while minimizing environmental losses, making 
them a promising tool for sustainable agriculture.

One of the most promising applications of 
nanofertilizers is in precision agriculture, where targeted 
nutrient delivery maximizes efficiency while reducing 
the environmental footprint of fertilization practices. 
Research has demonstrated that nanofertilizers 
significantly improve the growth, yield, and nutritional 
quality of various crops, including horticultural species. 
Due to their ability to enhance nutrient uptake and 
promote plant health, nanofertilizers are increasingly 
regarded as a sustainable alternative to conventional 
fertilizers [20, 21].

For instance, studies have shown that zinc oxide 
nanoparticles (ZnO-NPs) are more effective than 
traditional zinc sulfate (ZnSO4) fertilizers for enhancing 
wheat germination and growth. Furthermore, ZnO-NPs 
exhibit lower toxicity than ZnSO4 at higher concentrations, 
making them a safer alternative for plant nutrition. 
Similarly, research on common beans treated with 
ZnO-NPs indicates that they do not pose health risks to 
consumers, reinforcing the potential of nanofertilizers in 
food production [22, 23].

However, despite their numerous benefits, the 
widespread adoption of nanofertilizers faces certain 
challenges. Concerns regarding their production costs, 
long-term environmental impact, and potential toxicity 
require further investigation. The movement and fate 
of nanoparticles in soil and water ecosystems must be 
thoroughly assessed to ensure their safe and sustainable 
use. Additionally, regulatory frameworks governing 
the use of nanotechnology in agriculture need to be 
established to address potential risks and standardize 
quality control measures [26].

While nanofertilizers offer significant potential 
for enhancing nutrient use efficiency and minimizing 
environmental harm, their widespread adoption requires 
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a more nuanced evaluation of their limitations and 
challenges. One key concern is their long-term impact 
on soil microbiota and ecosystem health. Although 
nanofertilizers reduce nutrient loss, their interactions 
with beneficial soil microorganisms remain poorly 
understood. Some studies suggest that nanoparticles, 
depending on their composition and concentration, may 
disrupt microbial communities essential for soil fertility 
and plant growth [18]. Further research is needed to 
assess their potential ecotoxicological effects.

Another critical issue is the economic feasibility of 
nanofertilizers compared to conventional fertilizers. 
Despite their efficiency, the production of nano-based 
fertilizers involves complex synthesis techniques 
that may increase costs, limiting their accessibility to 
small-scale farmers. Additionally, the effectiveness of 
nanofertilizers in field conditions remains a subject of 
debate. Many studies demonstrating their benefits have 
been conducted under controlled environments, but 
real-world agricultural settings present variables such 
as soil heterogeneity, climatic fluctuations, and water 
availability, which can influence their performance [27].

Regulatory and safety concerns also warrant 
attention. Unlike traditional fertilizers, nanofertilizers 
require rigorous evaluation of their environmental fate, 
potential bioaccumulation, and long-term effects on 
human health. Standardized testing protocols and clear 

regulatory frameworks are still lacking, making it difficult 
to assess the risks associated with their large-scale 
application [18].

Therefore, while nanofertilizers hold promise for 
revolutionizing modern agriculture, a comprehensive 
assessment of their economic viability, environmental 
safety, and long-term sustainability is essential before 
they can be widely implemented. Addressing these 
concerns through interdisciplinary research and policy 
development will be crucial in ensuring their responsible 
and effective use in agricultural systems.

3. The Role of Nanofertilizers in Horticultural 
Production

Horticulture is a vital branch of agriculture that includes 
various specialized fields such as pomiculture (fruit 
tree cultivation), olericulture (vegetable cultivation), 
viticulture (grapevine cultivation), floriculture (flower 
production, including medicinal varieties), and general 
gardening (the cultivation of flowers, herbs, and 
vegetables). Horticultural crops encompass vegetables, 
fruits, mushrooms, and medicinal plants, playing a 
crucial role in human nutrition. Recent advancements in 
nutritional science emphasize the importance of fruits 
and vegetables in maintaining health and preventing 
diseases, as reflected in dietary guidelines like the 
“healthy eating plate.”

 
Table 1. Property comparison between nanofertilizers and conventional products [24]. 

 
Property Nanofertilizer Challenges 

Controlled release can control the speed and doses of nutrient solution 
release 

Reactivity and composition variations due to environmental 
factors 

Nutrient loss Leakage and waste caused by application of 
fertilizers can be reduced 

Environmental effects after the conclusion of the 
nanofertilizer life cycle 

Duration of 
release 

can extend the duration of nutrient release in 
comparison with regular fertilizers Phytotoxicity effects due to the dose and time of exposure 

Efficiency The uptake ratio is increased and the release time of 
nanostructures is reduced 

Long-term environmental effects, as well as chronic effects 
on final consumers 

Solubility and 
dispersion 

Absorption and fixation of nutrients by the soil are 
improved, increasing their bioavailability 

Complete ecotoxicological profiles, taking into account the 
consequences for health and the environment 

 
  

Table 1. Property comparison between nanofertilizers and conventional products [24].

Table 2. Impact of different micronutrient nanofertilizers on various horticultural crops [25] 
 

Micronutrients Delivered 
as Nanoparticles Dose Used (mg/L) Crops Effect on Plant Growth and Development 

Zinc (Zn) 

1000 
 

1000 
 

100, 200, 500 

Cucumber 
 

Spinach 
 

Chilli pepper 

Root tip deformation and growth inhibition; 
Reduces plant growth; 
Improves germination. 

Iron (Fe) 
50–2000 

 
10 and 20 

Cucumber 
 

Lettuce 

Enhances biomass production and activities of 
antioxidant enzymes in dose-depended manners; 

Reduces chlorophyll contents and growth but 
increases activities of the antioxidant enzyme. 

Copper (Cu) 

130, 660 
 

0–1000 
 

50–500 
 

100, 250, 500 
 

100–500 

Lettuce 
 

Cucumber 
 

Tomato 
 

Bean 
 

Garden pea 

Increases shoot and root length ratio; 
Reduces growth and increases antioxidant enzymes; 

Improves fruit firmness and antioxidant content; 
Causes of growth inhibition and nutrition imbalance; 

Reduces the growth of plants, enhances the 
production of ROS and the peroxidation of lipid. 

 

Table 2. Impact of different micronutrient nanofertilizers on various horticultural crops [25].
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However, meeting the growing demand for high-
quality horticultural produce is becoming increasingly 
challenging due to population growth and changing 
dietary habits [28]. Horticultural crops, often classified as 
super-intensive, produce substantial yields, particularly 
in controlled environments like greenhouses. These 
crops require high soil fertility due to their biological 
characteristics, such as relatively small root masses 
supporting large vegetative structures. Their productivity 
is influenced by genetic traits, environmental conditions, 
and agricultural practices. As such, horticulture 
necessitates substantial nutrient inputs to sustain optimal 
yields and product quality.

Soil nutrient availability is often suboptimal due to 
intensified agricultural production, making fertilization 
essential. Beyond merely supplementing nutrient 
deficiencies, effective fertilization must consider nutrient 
dynamics and inter-element ratios to ensure sustainable 
production. In soils with adequate fertility, fertilization 
aims to maintain soil health, whereas in less fertile soils, it 
seeks to enhance nutrient availability. Key limiting factors 
in horticultural production include nutrient deficiency, 
water scarcity, and unsuitable soil pH. Consequently, soil 
fertility management, based on laboratory testing and 
agrochemical analysis, plays a critical role in optimizing 
plant nutrition and productivity [29].

Nanotechnology has emerged as a transformative 
tool in agriculture, particularly through the use of 
nanofertilizers (NFs) in fruit and vegetable production. 
Nanofertilizers have demonstrated the potential to 
enhance vegetative growth, reproductive development, 
and flowering, leading to increased yield, improved 
quality, and extended shelf life. By delivering essential 
nutrients at the molecular level, nanoparticles facilitate 
precise nutrient uptake, enhancing photosynthesis 
and biomass production [18, 25, 30]. This precise 
nutrient management reduces fertilizer losses, 
minimizes environmental contamination, and enhances 
sustainability in horticulture [31].

Essential nutrients such as nitrogen, phosphorus, 

potassium, and micronutrients (Zn, Cu, Mn, Fe, Mo, and 
B) can be supplied in nano form, improving nutrient 
use efficiency (Figure 1). Nanomaterials exhibit high 
surface tension, preventing nutrient immobilization and 
enhancing slow-release properties, thereby reducing the 
environmental impact of synthetic fertilizers [32]. Studies 
have demonstrated that nanoparticles such as ZnO, SiO2, 
CuO, and iron oxide positively influence plant growth, 
nutrient uptake, and yield [27, 33].

3.1. Nanosensors in Precision Horticulture 
A nanosensor is any device capable of transmitting 
information about the properties and characteristics of 
nanoparticles from the nanoscale to the macroscopic 
level [34]. These sensors are essential for detecting 
and measuring various factors, such as temperature, 
humidity, and moisture. By leveraging the unique 
properties of nanomaterials, nanosensors can identify 
and quantify physical characteristics on the nanoscale. 
They play a crucial role in monitoring physical quantities 
and converting them into detectable signals for analysis 
[31].

Additionally, nanosensors enable real-time monitoring 
that can reduce environmental pollution and lower 
production costs. This is achieved by minimizing the 
overuse of pesticides and fertilizers in crop production. 

Integrating nanosensors into traditional farming 
practices promotes smart agriculture, making it more 
environmentally sustainable and energy-efficient [34].

The use of nanosensors in agriculture leads to smart 
farming techniques, which help mitigate excessive 
pesticide and fertilizer use, thereby reducing pollution 
and production costs. These advancements make 
agriculture more energy-efficient and environmentally 
friendly, supporting sustainable practices.

Smart agricultural practices in horticulture include: 
(i) nanoformulation-based fertilizers and pesticide 
delivery systems, which improve nutrient dispersion 
and wettability; (ii) nanodetectors to identify pesticide 
or fertilizer residues; and (iii) remote sensing systems to 

Figure 1. The role of nanoparticles in enhancing agricultural productivity and the quality of horticultural crops [25]. 
Figure 1. The role of nanoparticles in enhancing agricultural productivity and the quality of 
horticultural crops [25]. 
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monitor disease incidence and crop growth. Nanosensors 
are widely used in horticulture to measure soil moisture 
content, assess nutrient needs, and detect pesticide 
residues [25].

Furthermore, nanosensors are vital for monitoring 
plant nutrient levels. Smart delivery systems based on 
these sensors improve the efficiency of natural resource 
use, such as water, nutrients, and agrochemicals, through 
precision farming techniques. As such, the application of 
nanosensors is highly beneficial for improving crop yields 
by monitoring nutrient levels and optimizing resource 
utilization [32].

In horticulture, nanosensors are transforming crop 
monitoring and management practices. These small 
devices, made from nanomaterials, gather real-time data 
on critical factors affecting crop health and productivity. 
Nanosensors are particularly valuable for monitoring soil 
conditions, including moisture levels, nutrient content, 
and pH, with remarkable accuracy. These data enable 
horticulturists to optimize irrigation schedules, ensure 
timely nutrient delivery, and maintain ideal soil conditions 
for optimal crop growth [31].

The use of nanosensors in horticultural production 
provides several advantages. One of the most notable 
benefits is the ability to monitor soil and plant conditions 
with unprecedented precision. By providing real-time 
data, nanosensors allow farmers to make informed 
decisions that can enhance crop yield and health. 
This results in more efficient use of water, fertilizers, 
and pesticides, leading to cost savings and reduced 
environmental impact. Moreover, nanosensors can help 
detect issues like nutrient deficiencies or pest infestations 
at an early stage, enabling timely interventions and 
minimizing crop loss [35].

However, there are some challenges associated with 
the widespread adoption of nanosensors in horticulture. 
One disadvantage is the high initial cost of implementing 
such technology, which may be prohibitive for small-
scale farmers. Additionally, the long-term environmental 
impacts of using nanomaterials in agricultural settings 
are still not fully understood. Although nanosensors 
hold great promise, further research is needed to assess 
their potential risks and to ensure their safe integration 
into agricultural systems. Despite these challenges, the 
advantages of nanosensor technology in enhancing 
agricultural productivity and sustainability make it a 
promising tool for the future of horticultural production 
[36].

3.2. Case Studies on NanoFertilizer Application
In horticulture, nanofertilizers are employed to promote 
vegetative growth, enhance pollination, and improve 
flower fertility, ultimately leading to higher yields and 
better product quality in fruit trees. When nano-calcium 
(nano-Ca) is applied to blueberries under saline stress, it 
boosts vegetative growth and increases leaf chlorophyll 
content (Table 2). Similarly, spraying nano-boron on 
mango tree leaves positively impacts overall fruit yield 
and chemical composition, likely due to an increase in 
chlorophyll levels and essential nutrients such as nitrogen 
(N), phosphorus (P), potassium (K), manganese (Mn), 

magnesium (Mg), boron (B), zinc (Zn), and iron (Fe) in the 
leaves [25].

Nanofertilizers are released slowly, specifically 
targeting plants and ensuring efficient delivery. For 
instance, ZnO nanoparticles have been shown to improve 
peanut (Arachis hypogaea) yields. Similarly, applying 
SiO2 nanoparticles boosts plant biomass and increases 
biomolecule contents, such as chlorophyll, proteins, and 
phenols, in maize grains. Carbon nanotubes, even at 
low concentrations, promote root growth in hexaploid 
wheat, enhance seed germination and seedling growth 
in mustard (Brassica juncea), black gram (Phaseolus 
mungo), and rice (Oryza sativa), and increase cell growth 
by 16% in tobacco (Nicotiana tabacum).

Research indicates that combining nano-nitrogen 
(Nano-N) and nano-zinc (Nano-Zn) with conventional 
nitrogen fertilizers can significantly improve crop yield, soil 
nutrient availability, and microbial biomass in cropping 
systems [37]. In horticultural production, nanofertilizers 
have been shown to enhance the growth and productivity 
of potatoes [38] and tomatoes [39], with potassium 
nanofertilizers increasing fruit yield and quality.

In cabbage, nano-hydroquinone and nano-
theophenols were found to improve nitrogen, phosphorus, 
and potassium absorption, increasing nitrogen use 
efficiency and yield by over 40% [40]. Similarly, Shebl 
et al. [7] reported that nano oxides of zinc, manganese, 
and iron, synthesized using green chemistry methods, 
significantly improved squash plant growth and yield. 
Foliar application of manganese and iron nano oxides 
enhanced fruit quality by increasing organic matter, 
protein, and lipid content.

A study on sweet peppers revealed that applying 
copper oxide nanoparticles at a concentration of 100 
ppm enhanced root dry weight, shoot fresh weight, and 
plant height compared to the control group [41].

Nanofertilizers have also been explored in cucumber 
production, offering an alternative to traditional mineral 
fertilizers. The application of zinc and sulfur nanoparticles 
in broad bean cultivation has mitigated micronutrient 
deficiencies, particularly zinc deficiency, which can cause 
physiological disorders like little leaf syndrome [32, 42, 
43]. Moreover, nanofertilizers enhance seed germination 
and early seedling growth by facilitating water and 
nutrient uptake, benefiting crops such as onion, spinach, 
tomato, and potato [33].

3.3. Critical Perspective and Challenges
While nanofertilizers offer promising benefits 

in horticultural production, their adoption comes 
with challenges. One major concern is the potential 
environmental impact of nanoparticle accumulation in 
soil and water systems. Although nanofertilizers reduce 
nutrient runoff and improve efficiency, long-term 
ecological effects remain unclear. Some studies suggest 
that excessive nanoparticle concentrations could disrupt 
soil microbial communities, altering nutrient cycling and 
soil health.

Additionally, the cost and accessibility of nanofertilizers 
may limit widespread adoption, particularly for small-
scale farmers. The production of nanofertilizers requires 
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sophisticated technology and quality control measures 
to ensure safe and effective formulations. Furthermore, 
regulatory frameworks for nano-based agricultural 
inputs are still evolving, necessitating comprehensive risk 
assessments before large-scale implementation.

Despite these challenges, nanofertilizers hold 
significant potential for addressing the increasing demand 
for sustainable horticultural production. By improving 
nutrient use efficiency, reducing fertilizer losses, and 
enhancing crop quality, they represent a valuable tool 
for modern agriculture. Future research should focus on 
optimizing nanofertilizer formulations, assessing their 
long-term environmental impact, and developing cost-
effective production methods to enhance accessibility.

Nanofertilizers represent a groundbreaking innovation 
in horticultural production, offering numerous benefits 
in terms of yield improvement, nutrient efficiency, 
and sustainability. Their ability to provide precise 
and controlled nutrient release makes them a viable 
alternative to traditional fertilizers. However, concerns 
regarding environmental impact, cost, and regulatory 
challenges must be addressed to ensure their safe 
and widespread application. With continued research 
and responsible implementation, nanofertilizers have 
the potential to revolutionize horticultural practices, 
supporting the growing demand for high-quality, 
sustainable food production.

3.4. Benefits of Nanotechnology in Horticulture
According to research by Mehta et al. [31], the benefits of 
nanotechnology in horticulture include:
- Precision in Nutrient Delivery: Nanoscale carriers 
ensure that plants receive optimal nutrients, which 
reduces fertilizer usage and minimizes environmentally 
harmful nutrient runoff. This approach helps reduce the 
negative environmental impact of traditional fertilizers 
by improving the efficiency of nutrient uptake, thus 
promoting sustainable agricultural practices.
- Enhanced Pest Control: Nanopesticides penetrate 
insect exoskeletons and plant tissues more effectively, 
allowing for targeted pest control. This targeted approach 
minimizes pesticide application, reducing the amount 
of chemicals needed and consequently lowering the 
environmental impact, which is crucial for preserving 
biodiversity and protecting ecosystems.
- Improved Soil Quality: Nanomaterials enhance soil 
structure and moisture retention, leading to better 
aeration, reduced soil erosion, and increased drought 
resistance in crops. This results in healthier plant growth 
and the potential for higher yields, especially in regions 
prone to drought or soil degradation, thereby enhancing 
the resilience of agricultural systems.
- Extended Shelf Life of Produce: Nanotechnology 
regulates gas exchange, moisture, and temperature 
within packaging materials, which extends the shelf life 
of harvested fruits and vegetables, reduces food waste, 
and maintains product quality. By slowing down the 
degradation process, it ensures that produce stays fresh 
for longer periods, benefiting both farmers and consumers 
by reducing losses during transport and storage.
- Promotion of Sustainable Practices: Nanotechnology 

supports sustainable horticultural practices by reducing 
chemical usage, optimizing resource utilization, and 
minimizing environmental impact. By increasing the 
efficiency of inputs like water, nutrients, and pesticides, 
nanotechnology helps move agriculture toward more 
sustainable, resource-efficient practices, making it a key 
technology for the future of farming.
- Real-Time Monitoring: Nanosensors and monitoring 
systems provide real-time data on soil and environmental 
conditions, enabling precise decision-making and efficient 
resource allocation. This enhances crop management 
by providing actionable insights, which improves 
productivity while minimizing unnecessary inputs, such 
as water, fertilizers, and pesticides.
- Controlled Release of Beneficial Agents: Nanotechnology 
facilitates the controlled release of beneficial 
microorganisms or biopesticides, supporting natural pest 
control methods and reducing dependence on chemical 
pesticides. This innovation promotes eco-friendly pest 
management, decreasing the overall chemical load in 
agricultural systems and supporting the shift toward 
integrated pest management (IPM) strategies.
- Improved Plant Health and Productivity: The overall 
health and productivity of plants are enhanced through 
nanotechnology, resulting in increased crop yields and 
improved crop quality. By optimizing nutrient delivery 
and improving plant resilience to stressors, such as pests 
or environmental fluctuations, nanotechnology helps 
meet the growing global demand for food production.
- Efficient Water Use: Nanoscale sensors and moisture 
management technologies promote efficient water 
use in irrigation, helping conserve this vital resource in 
agriculture. As water scarcity becomes an increasingly 
pressing issue, nanotechnology can play a crucial role in 
ensuring that crops receive the right amount of water at 
the right time, thus reducing water wastage.
- Tailored Crop Management Solutions: Nanotechnology 
offers precision and flexibility in crop management by 
allowing solutions to be customized to meet specific 
horticultural needs. By offering personalized interventions 
based on real-time data, nanotechnology enables farmers 
to address unique challenges for each crop, optimizing 
productivity and sustainability.

The benefits of nanotechnology in horticulture are 
vast and transformative. By improving nutrient delivery, 
pest control, and water use efficiency, nanotechnology 
not only boosts crop productivity but also enhances 
environmental sustainability. It facilitates the move 
toward precision agriculture, where every input is 
optimized to meet the plant’s needs, leading to reduced 
waste, lower costs, and less environmental degradation. 
Moreover, the ability to extend the shelf life of produce 
can significantly reduce food waste, which is a growing 
global concern [44].

3.5. Limitations and Risks of Nanotechnology in 
Horticulture
Despite its numerous benefits, the adoption of 
nanotechnology in horticulture also presents certain 
limitations and challenges. One major concern is 
the toxicity and potential environmental impact 
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of nanomaterials. While they may offer enhanced 
performance, their long-term effects on soil health, water 
quality, and ecosystems are still not fully understood. 
The introduction of nanoparticles into the environment 
could lead to unintended consequences, such as 
bioaccumulation in organisms or disruption of natural 
microbial communities in soil. Therefore, rigorous testing 
and long-term studies are required to assess their safety 
and potential environmental risks [31, 45].

Another limitation is the economic feasibility of nano-
based solutions, particularly for small-scale farmers. 
The initial investment in nanofertilizers, pesticides, and 
sensors can be high, which might limit access to these 
technologies for farmers in low-income regions. Thus, 
while the benefits are clear, the cost factor could hinder 
widespread adoption, especially in developing countries 
where access to advanced technologies is often limited 
[46].

Furthermore, regulatory considerations are crucial 
when implementing nanotechnology in commercial 
agriculture. There is currently a lack of comprehensive 
regulations governing the use of nanomaterials in 
agriculture. For nanofertilizers and pesticides to be widely 
accepted, they must undergo rigorous safety protocols 
and approval processes to ensure they do not pose risks 
to human health or the environment [47]. This includes 
determining acceptable limits for nanoparticle exposure 
and ensuring that these products meet safety standards 
before they are introduced to the market. The lack of 
clear regulatory guidelines and certification processes 
for nano-based agricultural products poses a significant 
challenge to their commercialization.

3.6. Future Perspectives 
The integration of nanotechnology into horticultural 
production presents a transformative approach to 
nutrient delivery, crop management, and post-harvest 
preservation. Nanofertilizers, in particular, offer a 
promising solution for enhancing crop productivity while 
minimizing environmental impact. By enabling precise, 
controlled nutrient release, these advanced fertilizers 
improve nutrient uptake efficiency, reduce waste, 
and optimize resource utilization, including water and 
fertilizers. As a result, they contribute to higher crop yields 
and more sustainable agricultural practices [44, 45, 48].

Beyond fertilization, nanotechnology is revolutionizing 
horticulture by enhancing the quality and shelf life 
of fruits, vegetables, and cut flowers. Nanomaterials 
facilitate the efficient delivery of nutrients and protective 
agents, reducing the excessive use of chemical fertilizers 
and pesticides. Additionally, nanosensors play a crucial 
role in monitoring soil moisture, detecting pesticide 
residues, diagnosing crop diseases, and assessing nutrient 
deficiencies, thereby supporting precision agriculture.

Despite these advantages, the improper use of 
nanomaterials could pose risks to plants and the 
environment. Ongoing research is essential to ensure 
their safe and effective application while addressing 
regulatory concerns regarding their long-term impact. As 
nanotechnology continues to advance, it is expected to 

become an integral component of modern horticultural 
practices, promoting cost-effective, environmentally 
friendly, and high-quality food production. Ultimately, the 
widespread adoption of nanotechnology in horticulture 
could contribute significantly to global food security by 
improving efficiency and reducing post-harvest losses.

4. Conclusion 

Nanotechnology offers tremendous potential for 
revolutionizing horticultural production through the 
development of nanofertilizers. These advanced 
fertilizers promote plant growth and improve crop yield 
with superior-quality traits. They also play a critical role 
in reducing nitrogen leaching, maintaining soil health, 
and supporting the long-term enhancement of soil 
microorganisms, which ultimately contribute to more 
sustainable agricultural practices. Additionally, the 
energy conservation benefits of nanofertilizers, alongside 
potential economic improvements, make them a valuable 
tool for the future of agriculture.

Research into nanofertilizers is paving the way for 
more sustainable agricultural and horticultural systems, 
offering numerous benefits for the production of high-
quality, high-yield crops. The potential of nanofertilizers 
to improve nutrient uptake efficiency and reduce 
environmental impact aligns with the growing demand 
for sustainable farming practices. However, it is essential 
to address the complexities surrounding their use. While 
the absorption, biotransformation, and translocation of 
nanoparticles within plants may offer significant benefits, 
they also pose potential risks. These risks include 
unintended interactions within the plant or ecosystem, 
which require further investigation.

Several challenges need to be overcome for the 
widespread adoption of nanofertilizers, including 
significant research gaps, a lack of standardized 
formulations, insufficient monitoring protocols, and 
unclear regulatory guidelines. One of the most pressing 
issues is that there are still not enough research articles 
on the practical application of nanofertilizers in the 
production of various crops. This gap in knowledge limits 
the ability to fully assess the effectiveness and safety 
of these products across different agricultural systems. 
These limitations, alongside concerns regarding long-
term environmental impact, risk management, and 
safety, must be addressed to ensure the responsible use 
of nanotechnology in agriculture.

In conclusion, while integrating nanotechnology 
into horticulture represents a promising opportunity for 
sustainable agriculture and addressing the challenges of 
global food security, the path forward requires a balanced 
approach. This includes continued research, clear 
regulatory frameworks, and effective risk management to 
ensure that nanofertilizers are both safe and effective. By 
optimizing resource use, enhancing crop productivity, and 
reducing environmental impact, nanotechnology has the 
potential to transform horticultural practices, ultimately 
contributing to a more sustainable and efficient food 
production system.
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