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Abstract: Emerging research highlights the wide-ranging applications of nanoparticles in agriculture,
showecasing their impact on plant health, nutrient delivery, environmental stress mitigation, pollutant
cleanup, and food preservation. This paper reviews the applications of nanoparticles in agriculture,
focusing on their roles in nutrient delivery, stress tolerance, and sustainable productivity enhancement.
Nano-fertilizers were found to improve nutrient use efficiency through controlled, slow-release
mechanisms, reducing environmental losses. Findings indicated that nanoparticles can enhance seed
germination, boost plant metabolic activity, and improve tolerance to drought, salinity, and heat stress.
Additionally, nano-formulations of bio-stimulants and plant growth regulators improved soil fertility
and microbial activity, supporting resilient agroecosystems. Advanced delivery systems enabled
consistent plant responses across variable field conditions, reducing reliance on chemical inputs. These
results underscore the potential of nanotechnology to address key agricultural challenges, offering a
pathway toward increased crop vyield, environmental protection, and long-term sustainability.
Continued research and appropriate regulatory oversight are essential to safely and effectively integrate
nanotechnology into mainstream agricultural practices. Strategic investments in research, coupled with
strong regulatory oversight, will be essential to fully unlocking nanotechnology's transformative
potential and paving the way for a more sustainable agricultural future.
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1. Introduction

Nanotechnology, by harnessing the unique physicochemical properties of
nanoparticles, offers transformative opportunities to advance sustainability in agriculture.
Through innovative applications in plant nutrition, growth stimulation, and crop protection,
nanotechnology offers a promising framework for addressing the growing challenges of
modern farming. As nonagricultural land use continues to expand and arable land remains static
or declines, there is an urgent need for technologies that can enhance agricultural productivity
[1]. These pressures are compounded by rising global food demand and the prevalence of
malnutrition, necessitating solutions that not only increase crop yield but also improve
nutritional quality. Moreover, climate change has intensified abiotic stresses, such as water
scarcity, salinity, and extreme temperatures, that collectively account for up to 70% of global
agricultural losses [2]. In this context, nanotechnology emerges as a powerful tool to mitigate
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these stresses, enhance resource efficiency, and ensure food security in a rapidly changing
world. Also, biotic stresses such as diseases, pests, and weeds cause substantial agricultural
losses of 20-40%. Addressing these challenges is critical to ensuring global food security and
strengthening the resilience of agricultural systems. Traditional breeding methods have made
limited progress in enhancing stress tolerance, largely due to the complex nature of stress-
related traits and the narrow genetic variability available under adverse conditions [3]. As these
approaches reach their limits and yield improvements plateau, persistent food insecurity and
deepening poverty are contributing to the situation, particularly in developing regions, where
agriculture remains a vital source of livelihood. In this context, identifying and implementing
alternative strategies for developing stress-tolerant crops is not only necessary but imperative
to meet the demands of a growing population and a changing climate.

Nanoparticles play a pivotal role in environmental remediation by removing pollutants
such as heavy metals and organic toxins from soil and water, thereby restoring ecological
balance and enabling the reclamation of degraded lands for agricultural use. In parallel, nano-
sensors integrated into agricultural systems are transforming food quality management by
detecting spoilage markers, monitoring freshness, and extending shelf life—ultimately
reducing food waste and improving supply chain efficiency [4]. Additionally, nano-
encapsulation technologies offer sustainable solutions for agrochemical delivery, enabling the
controlled release of fertilizers and pesticides. This reduces environmental runoff and
minimizes unintended impacts on non-target organisms. Despite these advances, the safe and
responsible application of nanoparticles in agriculture remains a critical concern [5]. Continued
research is essential to optimize nanoparticle synthesis, refine delivery methods, and evaluate
potential ecological and health risks. Issues such as toxicity, bioaccumulation, and long-term
environmental impacts must be thoroughly addressed to ensure safe implementation. Future
innovations should emphasize sustainable, scalable approaches that prioritize affordability,
accessibility, and minimal ecological disruption [6]. Nanotechnology presents a transformative
frontier in agricultural and plant biotechnology. By leveraging the unique physicochemical
properties of nanoparticles, such as ultra-small size, high surface area, and enhanced reactivity,
this field enables interventions that are more precise, efficient, and sustainable than
conventional methods [7]. In crop science, nanoparticles support a wide range of applications,
including the slow and targeted release of fertilizers to enhance nutrient uptake while
minimizing waste and environmental contamination [8,9]. They also improve water-use
efficiency, which is vital under drought and salinity stress. Furthermore, nanoparticles bolster
plant defense systems, enhancing resistance to pests and diseases. In phytoremediation, they
facilitate the extraction and detoxification of pollutants from soil and water, offering a powerful
tool for environmental cleanup.

Beyond mitigating abiotic and biotic stresses, nanoparticles play a vital role in
advancing precision agriculture. Nano-sensors integrated into farming systems enable real-time
monitoring of soil conditions, crop health, and environmental variables, facilitating data-driven
decision-making processes [10]. These technologies can detect early indicators of plant stress,
enabling timely, targeted interventions to help prevent yield losses. Nanotechnology also
contributes to food system sustainability through smart packaging innovations that detect
spoilage, extend shelf life, and improve food preservation, thereby reducing post-harvest
losses. To fully harness the transformative potential of nanotechnology in agriculture, ongoing
research and development are essential. Equally important is the establishment of robust
frameworks to guide the safe, ethical, and equitable application of nanoparticles [11]. This
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includes comprehensive assessments of potential environmental and human health impacts,
along with strategies to ensure that these technologies are affordable and accessible to farmers
globally. Representing a paradigm shift in sustainable agriculture, nanotechnology offers
innovative solutions to enhance resource efficiency, support climate adaptation, and strengthen
food security, ultimately reshaping agricultural systems for a more resilient and equitable future
[12]. This paper explores the multifaceted roles of nanoparticles in advancing sustainable
agriculture, focusing on their capacity to optimize nutrient use, stimulate plant growth, enhance
resilience to biotic and abiotic stresses, and provide environmentally friendly solutions for both
productivity enhancement and ecological remediation. To ensure a comprehensive and relevant
review, literature was sourced via nanoparticles in agriculture, nano-fertilizers, plant stress
tolerance, precision agriculture, and nanotechnology for environmental remediation, in major
scientific databases over the past five years. Papers were screened based on their relevance to
the core themes of this review, and additional references were identified through cross-
referencing within selected papers.

2. Nanoparticle Types

Different types of nanoparticles are being utilized in agriculture based on their size,
morphology, and distinct physical and chemical properties. The following sections outline
some of the most frequently used nanoparticles and their applications.

2.1. Essential metal nanoparticles.

2.1.1. Iron nanoparticles.

Iron nanoparticles, particularly iron (I11) oxide (ferric oxide), are vital for various plant
metabolic activities, including photosynthesis, respiration, DNA synthesis, and the production
of photosynthetic pigments. These nanoparticles help reduce oxidative stress in plants by
decreasing reactive oxygen species, particularly under drought conditions [13,14]. Green-
synthesized iron (I11) oxide nanoparticles derived from marine algae have shown potential to
enhance drought-stress resilience in crops such as foxtail millet, positioning them as eco-
friendly nanofertilizers [15,16]. Their application has been linked to improved plant growth
under stress, increased chlorophyll content in soybeans, and enhanced photosynthesis and yield
in wheat cultivated in cadmium-contaminated soils. However, more extensive field testing is
necessary to confirm their broader agricultural applicability.

2.1.2. Zinc nanoparticles.

Zinc nanoparticles, notably zinc oxide, play a critical role in fostering growth and
improving resilience against abiotic stresses such as salt stress, cadmium toxicity, and water
scarcity [17]. Zinc is essential for the structural and functional integrity of many enzymes,
directly influencing crop health. Studies have demonstrated that zinc oxide nanoparticles
significantly enhance rice germination rates under saline conditions and improve drought
tolerance by altering physiological and biochemical parameters [18]. Foliar application of these
nano-sized particles has been shown to have a more effective impact than bulk zinc sulfate on
increasing wheat yields, boosting biomass accumulation, and enhancing zinc content in grains
[19].
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2.1.3. Magnesium nanoparticles.

Magnesium oxide nanoparticles exhibit potent antibacterial properties, particularly
against pathogens such as Staphylococcus aureus, and are effective in combating plant
diseases, including tobacco bacterial wilt caused by Ralstonia solanacearum [20]. Research
has highlighted their ability to improve plant growth and physiological attributes, including
enhanced chlorophyll content, enzyme activity, and magnesium uptake, without causing
phytotoxic effects. Studies in plants have shown that magnesium oxide nanoparticles positively
influence growth and chlorophyll levels, although higher doses may have inhibitory effects,
emphasizing the need for dose optimization [21].

2.1.4. Copper nanoparticles.

Copper nanoparticles are widely recognized for their antimicrobial properties and have
been synthesized using both conventional and eco-friendly methods. They enhance the
antimicrobial efficacy of agricultural practices, providing a safer alternative to traditional
fungicides and pesticides. Copper (1) hydroxide and copper (1) oxide nanoparticles are
incorporated into fungicides, insecticides, and nano-fertilizers to combat pathogens such as
Escherichia coli and Bacillus subtilis, as well as various plant fungal diseases [22]. These
nanoparticles enhance plant disease resistance by stimulating defense enzymes, such as
polyphenol oxidase and phenylalanine ammonia-lyase. However, their use in hydroponic
systems has shown mixed effects on plants such as lettuce and alfalfa, influencing growth,
nutrient concentrations, and enzyme activity [23,24]. Potential ecological risks, including
genotoxicity, oxidative stress responses, and alterations in gene expression, have been observed
in crops such as cucumber, necessitating careful evaluation of their environmental impact.

2.2. Non-essential metal nanopatrticles.

2.2.1. Silver nanoparticles.

Silver (Ag) nanoparticles are widely recognized for their ability to counteract the
growing resistance of pests and fungi to chemical pesticides, exhibiting broad-spectrum
antimicrobial activity against various phytopathogens. They are effective in addressing salt
stress by restoring ionic balance and enhancing nutrient availability, making them valuable for
improving crop growth in salt-affected regions [9]. Additionally, they mitigate drought stress
in plants, such as eggplant seedlings, by maintaining water balance and improving growth
parameters [25]. Silver nanoparticles have also been shown to enhance salinity tolerance in
crops such as pearl millet, with studies reporting a near doubling of growth metrics under saline
conditions [26].

2.2.2. Titanium nanoparticles.

Titanium-based nanoparticles, particularly titanium dioxide, are gaining attention for
their potential to interact with plants throughout their lifecycle and aid recovery from toxicants.
While lifecycle studies remain limited, early research suggests that titanium dioxide
nanoparticles can influence plant growth, nutrient accumulation, and stress resilience [27]. For
example, in strawberries, exposure to titanium dioxide nanoparticles increased phosphorus and
potassium concentrations in fruits [28]. However, studies on sunflowers observed reductions
in kernel numbers and yield when exposed to these nanoparticles [29]. Other findings include
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alterations in nutritional elements in crops and changes in antioxidant systems sprayed with
titanium dioxide nanoparticles [30,31]. Although trends in the impacts of titanium dioxide
nanoparticles on plants are not yet fully established, their presence in edible tissues and their
stability raise concerns about potential human ingestion through produce grown in titanium
dioxide-impacted soils.

2.3. Non-metal nanoparticles.
2.3.1. Carbon nanoparticles.

Carbon-based nanoparticles, including single-, double-, and multi-walled carbon
nanotubes, as well as graphene oxide and fullerenes, play a critical role in enhancing seed
germination and plant growth. These nanoparticles possess unique properties that enable them
to penetrate plant cell walls and transport chemicals within cells. Single-walled carbon
nanotubes were used to deliver genomes and dyes into plant cells, while multi-walled carbon
nanotubes improved germination properties and growth characteristics [32]. For example,
multi-walled carbon nanotubes were used for priming at 100 pg/mL for 1 day, which improved
germination in barley, soybean, and maize [33]. Similarly, concentrations of 50 pg/mL
enhanced germination and biomass in wheat, maize, peanut, and garlic. Carbon-based
nanoparticles also exhibit antifungal properties, combating pathogens like Fusarium
graminearum and Fusarium poae [34]. Moreover, they alleviate oxidative stress in plants by
scavenging reactive oxygen species under abiotic stress.

2.3.2. Silicon nanoparticles.

Silicon nanoparticles enhance plant tolerance to biotic and environmental stresses.
Silicon dioxide nanoparticles were beneficiated through seed priming to improve germination,
photosynthetic efficiency, and crop growth in maize [35]. These nanoparticles also combat
cadmium stress in wheat by increasing biomass, reducing oxidative stress, and minimizing
cadmium uptake [17]. In barley, they improve grain productivity and quality by reducing lead
and cadmium uptake [36]. Silicon dioxide nanoparticles have also demonstrated efficacy in
increasing antioxidant defenses in rapeseed [37], mitigating copper toxicity in Mentha arvensis
[38], and enhancing the ascorbate-glutathione cycle under cadmium tolerance in rice [39].
Furthermore, they bolster Ocimum basilicum antioxidant systems under lead-induced stress
conditions, underscoring their broad utility in stress management [40].

2.4. Biologically synthesized nanoparticles.

Nanoparticles synthesized using biological methods, employing bacteria, fungi, plants,
and algae, are garnering attention for their environmentally friendly and biocompatible
properties. These biologically synthesized nanoparticles enhance plant growth, manage
diseases, and optimize nutrient uptake, presenting a sustainable alternative to traditional
chemical inputs [41]. For instance, silver nanoparticles derived from plant extracts have
improved wheat germination and growth, while zinc oxide nanoparticles synthesized from
algae have bolstered tomato growth under saline conditions [42]. Plant roots, rich in
metabolites, are central to green nanoparticle synthesis. Ginger and cherry roots have been used
to produce silver, gold, and titanium dioxide nanoparticles, showcasing their versatility, and
the resulting nanoparticles, particularly those from ginger, have applications beyond
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agriculture, including biomedicine [43]. Plant stems are also valuable in nanoparticle
biosynthesis; for example, stems from grape, lavender, Leucas grass, and the dhobi tree have
been used to create silver, iron oxide, selenium, and zinc oxide nanoparticles [44]. These
biologically synthesized nanoparticles possess unique properties, such as magnetic
characteristics and potential applications in diabetes treatment, highlighting their multifaceted
benefits. By advancing eco-friendly agricultural practices, these nanoparticles represent a
significant step toward sustainable, innovative solutions to global challenges.

3. Application Types

3.1. Shoot application.

Nanoparticles can enter plant cells via foliar application through the stomatal and
cuticular pathways; smaller nanoparticles enter directly through the cuticle, whereas larger
nanoparticles enter through stomata (Figure 1). Foliar application of nanoparticles delivers
herbicides, fertilizers, and nutritional supplements directly to leaves, bypassing soil and
preventing nutrient loss, offering advantages over soil-applied fertilizers, which have low
utilization rates due to leaching and adsorption, leading to environmental issues such as
eutrophication [45]. Slow-release nanofertilizers from biodegradable polymers such as
chitosan and mesoporous silica have been developed to enhance nutrient availability and
effectiveness. Foliar-applied nano-fertilizers provide rapid absorption by plants, supplying
essential vitamins and elements not present in soil, and have been shown to enhance plant
uptake of nitrogen, phosphorus, and potassium, with mesoporous silica nanoparticles reducing
nutrient volatilization and environmental impact. Foliar nanoparticles also address nutrient
deficiencies quickly and can biofortify crops with essential nutrients, with studies showing that
zinc oxide nanoparticles promote zinc augmentation in plants and fullerene nanoparticles
improve drought response by enhancing water storage and alleviating oxidative stress [46].

Foliar
Application

Enhrough
Stomata

Stem
Injection
Adsorbing
on Root Hars
Entring throuv
Cell Wall
Epidermis

Root

Application
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Reot Hairs
Figure 1. Various entry pathways of nanoparticles in plants.
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Silver nanoparticles exhibit antibacterial activity, are used in fungicides, and
biologically synthesized silver nanoparticles show high antimicrobial activity, with bimetallic
nanoparticles such as copper and zinc serving as both insecticides and antibacterial agents. The
absorption of foliar nanofertilizers depends on the residence time of nanoparticles on the leaf,
their penetration through the epidermis, and their availability to the plant, and is influenced by
plant species, environmental conditions, and nanoparticles' properties [47]. Dicotyledons tend
to accumulate more nanoparticles than monocotyledons, and plants with large leaf surface areas
or certain physical features can accumulate more atmospheric nanoparticles. Nanoparticle
penetration through stomata is a primary absorption pathway, and younger leaves have a higher
nutrient absorption capacity due to thinner wax layers. Atmospheric nanoparticles can settle on
leaves, with fine particles penetrating through leaf trichomes, and smaller particles are more
efficiently transported through the plant [48,49]. Endocytosis facilitates nanoparticles' entry
into plant cells, and their surface modifications affect their absorption and internal transport.
Nanoparticles initially interact with plants via root application, adhering to the root surface
primarily via adsorption, influenced by negative charges on substances such as mucus or
organic acids secreted by root hairs. This process targets the root surface for the accumulation
and uptake of positively charged nanoparticles. The growth of lateral roots provides new
adsorption sites, facilitating the interaction of nanoparticles and entry into the plant.
Nanoparticles encounter the root tip's less-developed epidermis and penetrate through semi-
permeable walls with small pores, acting as a selective barrier against larger nanoparticles [50].
Stem injection, also known as stem feeding, uses the plant's vascular system to efficiently
deliver nanoparticles, providing direct access to the plant's vascular network. This method
overcomes external barriers such as cuticles, ensuring immediate nanoparticle availability,
minimizing losses, and improving distribution efficiency [51]. External barriers typically limit
nanoparticle uptake in plants; however, stem injection circumvents these barriers, enabling
higher nanoparticle concentrations to be delivered to intended targets within the plant.
Nanoparticles, once inside, rapidly move to various tissues via the xylem and phloem, ensuring
uniform distribution. An application of stem injection is in disease control, such as using copper
nanoparticles to manage citrus canker in citrus trees, effectively addressing plant health.

3.2. Root application.

Once inside, nanoparticles navigate through the plant via pathways such as ion
channels, endocytosis, and interactions with cell membrane proteins, as well as through
physical damage. Endocytosis enables size-independent nanoparticle uptake, as demonstrated
by the uptake of carbon nanoparticles in wheat [52]. Additionally, nanoparticles can bind to
transport proteins on the root's external epidermis, providing another absorption route. Particle
size significantly affects root absorption; smaller nanoparticles are more efficient. Cerium
oxide nanoparticles show effective root uptake in plants like broad bean and Lemna minor or
duckweed [53]. However, nanoparticles larger than 140 nm face absorption challenges;
exceptions include silicon-based nanoparticles and natural polymer-derived nanoparticles,
which can be absorbed despite being larger than 100 nm. The root cell wall's negative charge
significantly influences interactions with nanoparticles of various charges, thereby affecting
uptake efficiency [54]. Although uncharged and negatively charged nanoparticles can be
absorbed, positively charged nanoparticles may remain on the root surface without penetrating
deeper.
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3.3. Comparison of foliar vs. root application.

Foliar application provides rapid nutrient delivery and precise dosing, reducing nutrient
losses and environmental contamination [8]. However, it requires formulation stability against
environmental factors (e.g., sunlight and rain) and may face limitations related to leaf surface
characteristics and nanoparticle penetration barriers [45]. Root application enables sustained
nutrient release and interaction with the rhizosphere but is subject to greater variability due to
soil complexity, potential nanoparticle immobilization, and slower uptake rates.

3.4. Nanoparticle degradation and environmental fate.

Nanoparticles applied to plants can undergo degradation through physical, chemical,
and biological pathways. Photodegradation by sunlight, oxidation-reduction reactions, and
microbial degradation in soil influence nanoparticle stability and transformation [15]. These
processes affect the bioavailability, persistence, and potential toxicity of nanoparticles in
agricultural environments. Understanding degradation pathways is crucial for designing
nanoformulations that are both effective and environmentally safe, thereby preventing
nanoparticles from accumulating to harmful levels or causing unintended ecological impacts
[13].

4. Stress Reduction

4.1. Environmental stresses.

Abiotic or environmental stresses, like water shortage, salt stress, and high or low
temperatures, disrupt growth and productivity by triggering complex physiological and
molecular responses. Central to these responses is the accumulation of stress hormones, such
as abscisic acid, which plays a critical role in regulating plant adaptations to adverse conditions
(Figure 2). Silver nanoparticles have been shown to enhance abscisic acid synthesis during
drought, improving water retention and promoting drought tolerance by optimizing water use
efficiency [55]. Nanoparticles also mitigate oxidative stress by boosting the activity of
antioxidant enzymes, which neutralize reactive oxygen species and prevent cellular damage.
For example, titanium dioxide nanoparticles in salt stress significantly enhance antioxidant
enzyme activity, thereby improving stress resilience [56]. Furthermore, nanoparticles stimulate
the production of osmolytes, such as proline, which help maintain cellular water balance and
protect plant structures under stress. Silicon nanoparticles in heat-stressed wheat have been
observed to increase proline levels, fostering improved growth and tolerance to high
temperatures. In addition to these physiological effects, nanoparticles interact with specific
biochemical pathways to counteract stress. Selenium nanoparticles, for instance, enhance the
Halliwell-Asada pathway in mustard plants exposed to heavy metals, thereby decreasing
reactive oxygen species levels by promoting the detoxification of heavy metals via enzyme
activity [57]. Similarly, silicon dioxide nanoparticles enhance salt tolerance by modulating the
salt-overly sensitive pathway, stabilizing ion balance through increased expression of the SOS1
gene in salt-stressed plants [58]. Nanoparticles also regulate cellular signaling networks, such
as the mitogen-activated protein kinase pathway, which coordinates stress-responsive gene
transcription. Gold nanoparticles have been shown to activate signaling pathways involving
serine—threonine kinases in Arabidopsis, thereby enhancing resistance to oxidative stress [59].
In wheat, tricalcium phosphate nanoparticles improve drought tolerance by modulating

https://nanobioletters.com/ 8 of 22


https://doi.org/10.33263/LIANBS144.218
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS144.218

calcium signaling, a crucial pathway that activates stress-responsive genes [60]. Meanwhile,
zinc oxide nanoparticles fine-tune reactive oxygen species levels in salt-stressed plants,
ensuring that stress signals are efficiently managed [61]. Copper oxide nanoparticles in wheat
exposed to high temperatures enhance heat shock protein production by activating heat shock
factor signaling, thereby safeguarding cells from thermal damage [62].
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Figure 2. Various nanoparticles are used in stressed conditions.
4.2. Biotic stresses.

Biotic stresses, including attacks from pathogens, pests, and weeds, activate a plant's
induced immunity systems through pattern recognition receptors that identify pathogen-related
structures. Silver nanoparticles have demonstrated the ability to enhance this immune response,
enabling plants to mount stronger defenses against invading pathogens. Zinc oxide
nanoparticles, for example, trigger systemic resistance against tobacco mosaic virus by
promoting the production of defense-related and biochemical molecules [63]. Similarly, copper
oxide nanoparticles strengthen plant defenses by inducing systemic resistance, making plants
more resilient to fungal pathogens [64]. Nanoparticles can also modulate plant hormone
signaling pathways to enhance biotic stress tolerance. Zinc oxide nanoparticles stimulate
salicylic acid production, a key hormone for defending against biotrophic pathogens, while
titanium dioxide nanoparticles enhance jasmonic acid pathways, which are essential for
resisting necrotrophic pathogens and pests [65]. Silver nanoparticles further enhance plant
immunity by modulating ethylene signaling and improving resistance to fungal pathogens.
Beyond hormonal pathways, nanoparticles exhibit direct antimicrobial properties. Silver
nanoparticles have highly negative effects on most bacteria and fungi, including Alternaria
alternata and Botrytis cinerea, as well as bacterial pathogens such as Erwinia species and
Fusarium graminearum [66]. They also provide broad-spectrum protection against foodborne
and agricultural pathogens. Other nanomaterials, such as chitosan nanoparticles and gold
nanoparticles, offer additional antifungal and antibacterial capabilities. Chitosan nanoparticles,
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for instance, have been shown to combat pathogens like Macrophomina phaseolina and
Alternaria alternata [67], while gold nanoparticles exhibit strong antibacterial activity against
Escherichia coli [68]. Copper nanoparticles and silver-chitosan composites also display
significant antimicrobial effects, particularly against Pseudomonas syringae [69].
Additionally, magnesium oxide and silicon dioxide nanoparticles demonstrate versatile
antimicrobial action, effectively addressing bacterial and fungal threats to crops [70].
Nanotechnology offers a transformative procedure for managing biotic stresses in agriculture.
By integrating nanoparticles' unique properties into plant protection strategies, researchers are
developing innovative, targeted, and environmentally sustainable solutions. These advances
have the potential not only to enhance crop productivity but also to reduce the environmental
footprint of agricultural practices, paving the way for a more resilient food production system.

4.3. Cohesion and cross-comparison of nanoparticle-mediated stress reduction.

While abiotic stresses differ in origin and physiological impact, they often trigger
overlapping molecular and cellular defense mechanisms within plants (Figure 3).
Nanoparticles uniquely address both abiotic and biotic stresses by modulating shared pathways,
enhancing plant resilience in a multifaceted manner. Oxidative stress is a common consequence
of both environmental and pathogen-induced challenges, while nanoparticles such as titanium
dioxide, zinc oxide, and selenium enhance antioxidant enzyme activity, which neutralizes
reactive oxygen species generated under drought, salinity, or pathogen attack [59]. This cross-
protective antioxidant boost reduces cellular damage and preserves physiological functions
across stress types. Similarly, nanoparticles influence key stress signaling pathways, including
abscisic acid, salicylic acid, jasmonic acid, and ethylene signaling, which coordinate adaptive
responses to both abiotic and biotic factors. Zinc oxide nanoparticles stimulate salicylic acid
pathways that confer resistance to pathogens, while also supporting drought tolerance through
improved water-use efficiency [19, 52].

Nanoparticle-Mediated
Stress Reduction

Figure 3. Diagram of the roles of nanoparticles in stressed conditions.
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Titanium dioxide nanoparticles enhance jasmonic acid signaling pathways, which are
critical for defense against insect pests and necrotrophic pathogens, and also play roles in
abiotic stress mitigation [31, 56]. Moreover, nanoparticle-mediated regulation of ion
homeostasis, osmolyte accumulation (e.g., proline), and heat shock proteins contributes
broadly to cellular protection and stress adaptation [56]. Such mechanisms are pivotal in
maintaining cell turgor and protein stability under both high salinity and pathogen-induced
oxidative stress. The dual antimicrobial properties of nanoparticles, including silver and copper
variants, complement their physiological effects by directly inhibiting pathogen growth, thus
combining biochemical resilience with targeted biocontrol [22, 25]. This integrative approach
contrasts with conventional agrochemicals, which typically target abiotic or biotic stresses in
isolation. The multifunctionality of nanoparticles enables a holistic approach to stress
management in plants, simultaneously enhancing tolerance to diverse environmental
conditions and strengthening innate immunity. This cross-compatibility supports the
development of integrated crop protection strategies, reducing the need for multiple chemical
inputs and advancing sustainable agriculture.

5. Abiotic Physiologic Reactions

The application of nanoparticles induces substantial physiological, biochemical, and
molecular responses in plants, significantly enhancing their tolerance to abiotic stresses. For
instance, iron (1) oxide nanoparticles effectively mitigate the toxic effects of heavy metals like
cadmium and lead by boosting plant biomass, chlorophyll content, and antioxidant enzyme
activity [71]. Similarly, silicon nanoparticles alleviate arsenic stress in maize by preserving
chlorophyll, carotenoid, and protein levels while improving photosystem Il efficiency [72].
These nanoparticles also reduce the accumulation of toxic ions from heavy metals such as
cadmium and lead in wheat, rice, and pea plants, underscoring their role in detoxification and
stress mitigation. In the context of drought, silicon and chitosan nanoparticles have been shown
to enhance relative water content, photosynthetic efficiency, and antioxidant activity, thereby
improving yield and biomass [73]. These nanoparticles also mitigate oxidative stress and
improve water use efficiency. Under salinity stress, silicon nanoparticles enhance germination,
photo assimilation, and antioxidative mechanisms in Ocimum basilicum [74]. Similarly, iron
(11) oxide nanoparticles promote the growth of Dracocephalum moldavica, increase chlorophyll
content, and enhance antioxidant enzyme activities, while reducing salt ion accumulation [75].
Additional research highlights silicon nanoparticles improving seed germination and growth in
lentils under salinity [76]. Multi-walled carbon nanotubes can enhance salinity tolerance in
some important crops by lowering reactive oxygen species production and optimizing the
sodium-to-potassium cation ratio [77]. Silicon dioxide nanoparticles improve nutrient
absorption and photosynthetic performance under combined water and salt stress in cucumber
plants. Analcite nanoparticles and zinc oxide nanoparticles facilitate seed germination and
promote growth rate in conditions of extreme heat and dryness in arid environments [78].
Copper and zinc nanoparticles can increase antioxidant activity and moisture retention in
cucumber seedlings, thereby preserving photosynthetic pigments under drought stress [79]. In
maize seedlings, silicon dioxide nanoparticles increase shoot length and relative water content
while minimizing superoxide production and membrane damage [80]. Titanium dioxide
nanoparticles counteract drought-induced yield losses, whereas copper nanoparticles improve
leaf water content, biomass, and pigment concentration in food crops under drought stress [81].
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Silicon dioxide nanoparticles display varying effects depending on the species and
conditions; for example, they reduce photosynthesis and stomatal conductance in hawthorn
under drought, yet silicon nanoparticles successfully mitigate drought stress. Foliar application
of silicon nanoparticles has been shown to enhance antioxidant activity and essential oil
production in summer savory (Satureja hortensis) under moderate drought conditions [82].
Similarly, foliar application of silicon and titanium dioxide nanoparticles helps mitigate the
harmful effects of water shortage on rapeseed [83]. Soil applications of silicon nanoparticles
increase moisture retention in some crops, while silicon and selenium nanoparticles improve
growth, root ion selectivity, and overall yield performances in saline environments [84].
Nanoparticles are also effective in tackling combined stresses. Nanoparticles represent a
promising and multifaceted approach to enhancing plant resilience to environmental stresses.
By modulating physiological, biochemical, and molecular reactions, nanoparticles not only
improve stress tolerance but also contribute to achieving sustainable farming operations that
overcome the challenges of environmental stress.

6. Nanoparticle Roles in Climate Change

Nanotechnology plays a transformative role in addressing the impacts of climate change
on plants by offering multifaceted solutions spanning biological, physical, chemical, and
bioengineering domains. From cellular processes to whole-plant systems, nanotechnology
supports enhanced plant metabolism and resilience, while its broader applications in renewable
energy and precision agriculture contribute to climate mitigation and environmental
conservation [51]. Nanotechnology aligns directly with climate change by reducing greenhouse
gas emissions through innovative molecular mechanisms. One notable advancement is the
development of nano-enhanced plants, which are genetically modified and treated with
nanoparticles to improve photosynthetic efficiency. These plants absorb more carbon dioxide
from the atmosphere, significantly enhancing carbon sequestration, so hanomaterials also act
as soil amendments, reducing nitrous oxide emissions, a potent greenhouse gas [9]. By
improving soil structure and nutrient availability, nanomaterials reduce reliance on synthetic
fertilizers, a primary source of nitrous oxide emissions. Furthermore, nano-infused hydrogels
enhance soil water retention and stabilize water availability, reducing crop vulnerability to
drought.

Nanotechnology revolutionizes agricultural practices through precision interventions.
For instance, nano-formulated pesticides and fertilizers are designed to address specific plant
needs with minimal waste, ensuring efficient resource utilization. Silica nanoparticles deliver
water and nutrients directly to plant roots, improving drought resistance while reducing
unnecessary water consumption [85]. Additionally, nano-sensors based on carbon enable
online management of soil water content and nutrient supply, enabling precise irrigation and
fertilization. This targeted approach minimizes water and chemical usage, supports ecosystem
health, and increases agricultural sustainability and efficiency. Nanotechnology enhances plant
resilience to climate change by improving their resistance to abiotic and biotic stresses.
Nanoparticles used for nutrient delivery help revitalize degraded soils, enhance plant growth,
and boost productivity. For example, silica nanoparticles improve water uptake, while carbon-
based nanomaterials alleviate oxidative stress in plants under adverse conditions such as
salinity or drought [42]. Nano-based solutions also reduce the environmental impact of
agriculture by promoting eco-friendly pest and disease management. Nano-pesticides and bio-
nanocomposites offer precise control over pests and pathogens, reducing chemical runoff and
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soil contamination. Nanotechnology's contributions extend beyond individual plants to broader
climate mitigation efforts. By reducing resource wastage, minimizing emissions, and
enhancing carbon capture, it supports sustainable agricultural systems. However, fully
leveraging nanotechnology’s potential requires further research, sustainable application
practices, and international collaboration to address environmental, health, and regulatory
challenges. Nanotechnology offers critical tools to combat climate change and improve
agricultural sustainability. Its ability to increase energy efficiency, enhance plant resilience,
and support precision agriculture makes it indispensable in the fight against climate impacts.
Continued innovation and cooperation will ensure that nanotechnology serves as a cornerstone
for building a more sustainable future.

6. Other Roles of Nanoparticles

Nanoparticles can regulate plant signaling pathways to enhance resistance to various
environmental stresses like heavy metals, water stress, salt stress, and heat. Their mechanism
of action involves modulating gene expression associated with antioxidant defense systems and
stress response pathways. This regulation leads to increased plant resilience under stress
conditions. Nanoparticles affect gene expression in pathways related to antioxidant defense and
stress responses. For example, zinc oxide nanoparticles can alter cytosine methylation patterns,
impacting gene expression related to stress tolerance, whereas this modification helps plants,
such as tomatoes, reduce the genotoxic effects of salinity stress and improve [86]. Zinc oxide
nanoparticles increase antioxidant gene expression, showing how nanoparticles can modulate
genetic mechanisms in plants for stress adaptation. The effects of nanoparticles on plants are
not always straightforward; for instance, when plants are exposed to zinc nanoparticles under
salinity stress, gene expression shows variability, so this demonstrates the nuanced regulatory
impact nanoparticles can have on plant genetics [87]. Silicon nanoparticles in rice suppress
genes involved in cadmium uptake, highlighting their potential to mitigate heavy metal stress
[71]. Nanoparticles also influence key signaling pathways, such as the mitogen-activated
protein kinase cascade, which regulates stress-responsive genes. This cascade involves
components such as mitogen-activated protein kinase-2, which play a critical role in
modulating phytohormone signaling and antioxidant defenses.

Nanoparticles enhance phytoremediation, a process where plants absorb and detoxify
pollutants from the environment. They do this by increasing the uptake, translocation, and
sequestration of pollutants, as well as improving plant-cell membrane permeability to facilitate
efficient internalization. Nanoparticles, such as metal and metal oxide particles, help degrade
organically based pollutants and enhance the uptake of heavy metals, thereby reducing their
bioavailability and toxicity. Carbon-based nanoparticles, such as carbon nanotubes, aid in the
degradation and translocation of pollutants, thereby enhancing plant enzymatic detoxification
[88]. Iron-based nanoparticles also enhance the solubilization and uptake of heavy metals,
aiding soil remediation. Some plants, such as red clover, cucumber, and ryegrass, can take up
nanoparticles, including titanium dioxide, silver sulfide, and zinc oxide, making them effective
for water phytoremediation [51]. This highlights their potential for mitigating nanoparticle
pollution in aquatic ecosystems. Zero-valent iron nanoparticles help chelate metallic particles
in soils, enabling plants to absorb and remediate metals such as arsenic, lead, and mercury.
This process enhances plant growth and germination, facilitating cleaner soils. Nanoparticles
are also used to enhance plant immunity against biotic stress factors, such as pathogens and
pests, by modulating natural defense responses. They enable targeted delivery of
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agrochemicals, genes, or RNA molecules to improve immune responses in crops. Silver,
copper, and zinc oxide nano-sized particles can be effective components in protecting plants
against pathogens. For example, copper nanoparticles protect grapes from downy mildew,
while silver nanoparticles boost tomato resistance to Ralstonia solanacearum, a bacterial
pathogen [89]. Nanoparticles can initiate plant defense mechanisms, such as fortifying cell
walls and inducing proteins related to disease resistance, thereby enhancing systemic acquired
resistance. This prepares plants to fight off future threats. Nanoparticles, such as gold
nanoparticles, can deliver RNA molecules into pathogens or pests, silencing genes crucial to
their survival or infectivity. This approach targets pests such as Brassica cinerea in a highly
specific and sustainable manner, reducing reliance on chemical pesticides. In summary,
nanoparticles have an important role in inducing plant stress tolerance, improving
phytoremediation, and boosting plant immunity, offering potential for sustainable agricultural
practices and environmental cleanup.

8. Environment-Friendly Farming

Nanoparticles are transforming the delivery of nutrients, agrochemicals, and other
compounds to plants, enabling more efficient, environmentally friendly farming practices.
These innovative fertilizers use nanoparticles to deliver nutrients like nitrogen in a controlled
manner, reducing nutrient loss and improving yield performance. Nano-hydroxyapatite serves
as a slow-release phosphorus fertilizer, enhancing phosphorus availability to plants and
minimizing waste [90]. Similarly, nano-encapsulation of urea improves nitrogen use
efficiency, reducing fertilizer application frequency and its environmental impact. Urea-
hydroxyapatite nanohybrids extend nitrogen release, supporting plant growth while enhancing
nitrogen use efficiency. Nanoparticles also serve as smart delivery systems that can precisely
target agrochemicals, reducing off-target effects and environmental harm. Mesoporous silica
nanoparticles have been used for the controlled release of plant growth regulators, such as
auxins and gibberellins [91]. These nanoparticles release compounds in response to pH
changes, enabling targeted delivery. Similarly, nano-capsules loaded with herbicides
selectively target weed species, minimizing harm to non-target plants. Chitosan nanoparticles
can carry essential oils for controlled release, improving biopesticide activity. Nanoparticles
offer novel ways to protect plants from pathogens and pests, improving agricultural
sustainability. Silver nanoparticles are widely used for their antimicrobial activity, targeting
plant pathogens such as bacteria, fungi, and viruses. They disrupt microbial cell walls and
membranes, leading to pathogen cell death. Silver nanoparticles have been proven effective
against various plant diseases. Nanoparticles are also used to enhance the delivery of
biopesticides, targeting pests with increased precision while minimizing side effects on
beneficial organisms. For example, chitosan nanoparticles loaded with essential oils have
shown effectiveness against insect pests, such as the diamondback moth [92]. This technology
improves the efficacy of biopesticides, reduces required dosages, and minimizes environmental
risks. Nanoparticles are increasingly used to improve soil quality, enhancing its structure,
fertility, and microbial activity. Nanoparticles can enhance soil water retention, aeration, and
nutrient availability. For example, silicon nanoparticles help soil retain water, which is
particularly beneficial in drought conditions [73]. Biochar nanoparticles can improve soil
fertility by retaining nutrients and reducing nutrient leaching, thereby ensuring sustainable
nutrient cycling. Certain nanoparticles, such as iron (I1) oxide, can help remediate polluted soils
by immobilizing contaminants, thereby reducing their bioavailability. Additionally, zinc oxide
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nanoparticles can promote beneficial microbial activity, improving soil health. Some
nanoparticles foster a healthier soil ecosystem by boosting the activity of beneficial microbes,
supporting soil fertility and plant growth. Nanotechnology is not only revolutionizing
agriculture but also improving energy efficiency across sectors such as biofuel production and
the automotive industry. Nanotechnology is helping to create lighter, more fuel-efficient
vehicles, reducing environmental impacts such as greenhouse gas emissions. Nanomaterials
used in automotive manufacturing can reduce vehicle weight while maintaining strength and
safety, thereby lowering fuel consumption and emissions. Nanotechnology also has an
important role in improving the efficiency of biofuel production. By manipulating the
nanoscale structures of plant cell walls, such as nanofibrils, the breakdown of cellulose into
sugars becomes more efficient [93]. This enhancement is achieved through nano-catalysis,
which optimizes the conversion of cellulose into biofuels. Additionally, engineered nanoscale
enzymes, such as glycol hydrolases and lignin-degrading enzymes, are being used to improve
the conversion of cellulose into sugars, enhancing biofuel production. Nanoparticles have a
profound impact on creating more sustainable and efficient agricultural practices. They
improve nutrient delivery, enhance pesticide efficacy, improve soil health, and contribute to
energy efficiency in agriculture and beyond. These advances pave the way for more eco-
friendly and resource-efficient farming systems.

9. Conclusions and Future Insight

The application of nanotechnology in agriculture holds substantial promise for
enhancing plant resilience to both biotic and abiotic stresses. Nanoparticles have shown the
ability to modulate physiological and biochemical responses, regulate key signaling pathways,
and influence gene expression, thereby improving plant defense mechanisms and contributing
to increased crop productivity and sustainability. Innovations such as slow-release
nanofertilizers and smart delivery systems represent important steps toward more efficient,
environmentally conscious agricultural practices [94]. These technologies help optimize
nutrient uptake, reduce input waste, and support resource conservation. However, translating
these theoretical advantages into practical field applications presents several important
challenges. Key areas needing further attention include the fabrication, characterization, and
standardization of nanoparticles to ensure consistent performance and safety across diverse
agricultural contexts. Moreover, the long-term environmental fate and potential nanotoxicity
of these materials remain insufficiently understood. Research into their biodegradability,
accumulation in soil and water systems, and interactions with non-target organisms is crucial
to preventing unintended ecological consequences. In addition, extensive field validation is
necessary to adapt nanoparticle applications for specific crops, environments, and stress
conditions. Understanding their impacts on biodiversity, soil health, and ecosystem services
will guide responsible use. Bridging existing regulatory gaps will also be essential for safe
deployment and public acceptance of nano-enabled agricultural technologies. To drive
widespread adoption of nanotechnology-based solutions, it is essential to engage with farmers
and educate them on the potential benefits of nano-encapsulated fertilizers and other
nanoparticle applications. By raising awareness, farmers can make informed decisions about
integrating these technologies into their practices. Achieving large-scale adoption of
nanotechnology in agriculture will require collaboration between scientists, extension workers,
and government agencies. Reliable government support and well-designed policies will be
necessary to promote research, funding, and the dissemination of knowledge about the science
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behind nanoparticle applications in agriculture. To fully realize these benefits, future research
and development should also explore several key aspects. A deeper understanding of
nanotoxicity and the environmental fate of nanoparticles will be essential to ensure safe and
responsible use. Additionally, the field validation of laboratory findings, along with the
development of appropriate regulatory frameworks, will support broader implementation. As
agriculture becomes increasingly data-driven, the integration of nanotechnology with precision
agriculture platforms, such as smart delivery systems and nano-enabled sensors, can further
enhance input efficiency and crop monitoring. In summary, while nanotechnology offers
innovative solutions to address the issues generated by climate alteration and other agricultural
pressures, the road to practical, widespread implementation remains long. Continued research
and collaboration will be crucial in making nanotechnology a cornerstone of sustainable
agriculture, leading to a more resilient and efficient food production.
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