Plant Soil
https://doi.org/10.1007/s11104-024-06581-2

REVIEW ARTICLE

®

Check for
updates

Unraveling the role of nanoparticles in improving plant
resilience under environmental stress condition

Samar G. Thabet® - Ahmad M. Alqudah

Received: 18 September 2023 / Accepted: 21 February 2024
© The Author(s) 2024

Abstract

Background As the world grapples with increasing
agricultural demands and unpredictable environmen-
tal stressors, there is a pressing need to improve plant
resilience. Therefore, understanding the pioneering
role of nanoparticles in alleviating plant stress is cru-
cial for developing stress-resilient varieties to enhance
food secure world. Nanoparticles have unique physical
and chemical properties, and demonstrate their poten-
tial to enhance plant growth, nutrient utilization, and
stress tolerance. This review delves into the mecha-
nistic insights of nanoparticle-plant interactions, high-
lighting how these tiny particles can mitigate diverse
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Highlight The application of nanoparticles (NPs) in
plant biology, particularly in addressing biotic and abiotic
stress conditions in different plant species, has become

an intriguing field of research. The small size of NPs
allows for increased interaction with biological molecules,
presenting opportunities for targeted delivery of nutrients,
disease management, and stress mitigation.
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stressors such as drought, salinity, and heavy metal
toxicity. The action of different types of nanoparticles,
including metal, carbon-based, and biogenic nanopar-
ticles, are discussed in the context of their interaction
with plant physiology and stress responses.

Aims This article also explores the potential draw-
backs and environmental implications of nanoparticle
use, emphasizing the need for responsible and sustain-
able applications. Therefore, this study aimed to offer
exciting possibilities for managing both biotic and abi-
otic stress in plant species, from improving water-use
efficiency and stress resilience via nanotechnology.
Conclusions  Future research directions are sug-
gested, focusing on nano-bioengineering and preci-
sion agriculture to create stress-resilient crops and
enhance food security. Through the lens of interdis-
ciplinary research, this paper underscores the signifi-
cance of nanoparticles as innovative tools in the realm
of agriculture, catalyzing a paradigm shift towards
sustainable and stress-resilient farming systems.

Keywords Nanoparticles - Stress response -
Salinity - Drought - Nanoparticle-plant interactions
Introduction

Nanotechnology offers a range of applications in agri-
cultural systems, from improving nutrient utilization

to pest and disease management, and has the poten-
tial to revolutionize sustainable agricultural practices
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(Gupta et al. 2023). Nanoparticles can interact at
the molecular level with plant processes, potentially
influencing growth, development, and response to
stress conditions (Vijayakumar et al. 2022). Plants
are subjected to abiotic stresses such as drought,
salinity, and extreme temperatures. These conditions
can induce oxidative stress, disrupt metabolic activi-
ties, and stunt growth. Nanoparticles (NPs), particu-
larly metal oxide nanoparticles (e.g., iron oxide, zinc
oxide, and copper oxide), can help mitigate these
effects. For instance, iron oxide nanoparticles have
been found to improve water use efficiency and chlo-
rophyll content in wheat under drought stress (Man-
zoor et al. 2023; Nair and Chung 2014). Similarly,
zinc oxide nanoparticles have been shown to increase
tolerance to salinity stress in barley by enhanc-
ing antioxidant enzyme activity (Aslani et al. 2014;
Singh et al. 2022). These examples demonstrate the
potential of nanoparticles in managing abiotic stress
in different plant species. Salt stress is a substantial
abiotic stress factor that threatens the productivity
and survival of a wide range of plant species glob-
ally (Al-Khayri et al. 2023b). High salinity can lead
to ionic imbalance, osmotic stress, and oxidative
damage, which collectively impact the physiologi-
cal, biochemical, and molecular responses of plants
(Mariyam et al. 2023; Munns and Tester 2008; Tha-
bet et al. 2021b). NPs can trigger physiological and
biochemical changes that increase the plant’s drought
tolerance. For example, silver nanoparticles (AgNPs)
were shown to enhance the antioxidant activity of
wheat plants under drought stress, reducing oxida-
tive damage and enhancing plant growth (El-Saadony
et al. 2022). ZnO NPs can enhance the activities of
antioxidant enzymes such as catalase (CAT), super-
oxide dismutase (SOD), and peroxidase (POD) in
plants under drought stress, helping to mitigate the
harmful effects of reactive oxygen species (ROS)
that are often produced under such stress conditions
(Rehman et al. 2023). ZnO NPs can improve plant
water use efficiency by modulating stomatal conduct-
ance and transpiration rate, which could help plants
maintain their water balance under drought condi-
tions (Seleiman et al. 2023). Developing strategies to
enhance plant tolerance to salinity is, therefore, a crit-
ical goal for sustainable agriculture in saline-prone
areas (Thabet and Alqudah 2023). Nanotechnology
presents promising opportunities for addressing these
challenges. NPs, due to their unique physicochemical
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properties, have been studied for their potential roles
in alleviating several stress stimuli, including salin-
ity and drought conditions (Saritha et al. 2022). The
interaction of nanoparticles with plants can influence
various aspects of plant physiology and biochemis-
try, from nutrient uptake to gene expression patterns.
Moreover, NPs can also play a role in mitigating oxi-
dative stress, a common consequence of high salinity
(Khalid et al. 2022; Zanella et al. 2017). Unraveling
these interactions would pave the way for innovative
strategies to manage drought and salinity stress and
enhance plant productivity. While the applications of
nanotechnology in plant stress management are prom-
ising, it is crucial to understand potential ecological
impacts (Upadhayay et al. 2023). Studies have found
that some nanoparticles can have toxic effects on
organisms, disrupt soil microbial communities, and
bioaccumulation in food chains (Kookana et al. 2014;
Maharramov et al. 2019). Research into the safe and
sustainable application of nanotechnology in agri-
cultural systems remains vital, with attention to both
efficacies in improving plant health and productiv-
ity and minimizing potential environmental impact
(Balusamy et al. 2023; Chaturvedi et al. 2006; Shang
et al. 2019). Therefore, this study aimed to offer excit-
ing possibilities for managing both biotic and abiotic
stress in plant species, from improving water-use effi-
ciency and stress resilience via nanotechnology. How-
ever, the potential environmental implications require
careful consideration and continued research. This
innovative technology presents a new frontier in sus-
tainable agricultural practices, potentially transform-
ing how we approach plant stress management.

Nanoparticle (NP) classes

Nanoparticles (NPs) are particles that have at least
one dimension less than 100 nm. NPs exist in vari-
ous forms and are classified based on their compo-
sition, properties, and potential applications (Abdal
Dayem et al. 2017) as shown in Fig. 1. Based on
their composition, NPs are generally placed into
three classes: organic, carbon-based, and inorganic.

Organic NPs

The NPs in this class are proteins, polysaccharides,
lipids, polymers, or other organic substances (Pan and
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Fig. 1 Three classes of nanoparticles, including polymeric, inorganic, and lipid-based nanoparticles indicating their advantages and

disadvantages

Zhong 2016). The most common examples of this
class are dendrimers, liposomes, micelles, and protein
complexes like ferritin. These biodegradable, non-
toxic NPs can contain a hollow core, like liposomes.
They are also produced by non-covalent intermolecu-
lar interactions, making them more labile and allow-
ing for body clearance (Ng and Zheng 2015). Organic
NPs’ potential applications depend on their composi-
tion, surface shape, stability, carrying capacity, etc.
Organic NPs are typically used in cancer medication
and targeted drug delivery (Gujrati et al. 2014).

Carbon-based NPs

This class includes carbon-only NPs. Carbon quan-
tum dots, fullerenes, and carbon black NPs are famous
examples. Fullerenes are symmetrical closed-cage
carbon compounds. The shape of C60 fullerenes is a
soccer ball, while C70 and C540 fullerenes have also
been described (Long et al. 2013). Grape-shaped car-
bon black NPs are strongly fused spherical particles.
Carbon quantum dots are discrete, quasi-spherical
carbon NPs under 10 nm (Lu et al. 2016). Carbon-
based NPs combine sp2-hybridized carbon bonds
with nanoscale physicochemical characteristics. Due
to their unique electrical conductivity, high strength,

electron affinity, optical, thermal, and sorption prop-
erties, carbon-based NPs are used in drug delivery,
energy storage, bioimaging, photovoltaic devices, and
environmental sensing to monitor microbial ecology
or detect pathogens (Mauter and Elimelech 2008).
Complex carbon-based NPs include nanodiamonds
and carbon nanoparticles. Their low toxicity and bio-
compatibility make them useful in medication admin-
istration and tissue engineering (Mochalin et al. 2012).

Inorganic NPs

NPs without carbon or organic components are in
this class. These NPs are usually metal, ceramic, or
semiconductor. Monometallic, bimetallic, or polymetallic
metal NPs are formed using metal precursors
(Nascimento et al. 2018). Bimetallic NPs can be
alloyed or core—shell. Due to localized surface plasmon
resonance, these NPs have unique optical and electrical
properties (Toshima and Yonezawa 1998). Additionally,
some metal NPs have unique thermal, magnetic, and
biological features. Therefore, it renders them crucial
materials for developing nanodevices for physical,
chemical, biological, biomedical, and pharmaceutical
uses (Fedlheim and Foss 2001; Khan et al. 2019). Today,
size-, shape-, and facet-controlled metal NP production
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is essential for advanced materials. Semiconductor
materials have  metal-non-metal  characteristics.
These NPs have broad bandgaps and differ from bulk
semiconductor materials in their characteristics when
tuned (Dreaden et al. 2012). Thus, these NPs are
significant in photocatalysis, optics, and electronics
(Sun et al. 2000). Ceramic NPs are carbonates, carbides,
phosphates, and metal and metalloid oxides including
titanium and calcium (Thomas et al. 2015). They can be
amorphous, polycrystalline, dense, porous, or hollow and
are produced by heating and cooling (Khan et al. 2019).
Their stability and load capacity make them popular in
biomedical applications (Moreno-Vega et al. 2012). They
also work on catalysis, dye degradation, photonics, and
optoelectronics (Thomas et al. 2015).

Synthesis and characterization of metal oxide
nanoparticles

Metal oxide nanoparticles have gained significant
interest in various fields due to their unique physical
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and chemical properties, which are distinct from their
bulk counterparts. Their small size provides a large
surface area-to-volume ratio, making them particu-
larly useful in applications such as catalysis, electron-
ics, and medicine. The synthesis and characterization
of these nanoparticles are crucial steps in fully utiliz-
ing their potential as shown in Fig. 2.

Synthesis of metal oxide nanoparticles

There are several methods to synthesize metal oxide
nanoparticles, including physical, chemical, and
green methods (Singh et al. 2018).

Physical methods include ball milling, physical
vapor deposition, laser ablation, and others. While
these methods can provide good control over par-
ticle size, they often require high energy inputs and
specialized equipment. Here, we will discuss the
laser ablation method: The process of laser ablation
involves the utilization of high-power laser pulses
in conjunction with a high vacuum system equipped
with inert gas capabilities. This process requires the
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Fig. 2 Basic methods of nanoparticle synthesis, including chemical, physical, and biological synthesis methods
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presence of a target material, a laser beam, and a
cooled surface, sometimes referred to as a substrate.
The utilization of ultraviolet (UV) lasers, such as
excited monomer lasers, is commonly necessary in
this process due to the tendency of some materials’
substrates to reflect wavelengths such as infrared (IR)
or visible light. The strong laser beam evaporates
the substrate’s atoms, causing reactive gasses to col-
lide and form clusters on the cooled surface (Fig. 2).
Particle size and dispersion require gas pressure.
Evaporating and combining two vaporized materials
in inert gas forms alloys or compounds. This method
can create unusual component phases. This approach
produces Y,0;, Gd,0;, Y;Al;0,,, Al,O3, and YAIO,
NPs with typical diameters of 2—4.5 nm and limited
size distribution (Amans et al. 2011). Laser abla-
tion is a one-spot method for producing MONPs and
hydroxides and preparing their layers, unlike some
chemical methods. This method produced 2-6 nm-
diameter TiO, and SnO, NPs by Sasaki et al. (2006).

Chemical methods are the most commonly used
and include methods such as sol-gel synthesis,
hydrothermal synthesis, co-precipitation, and micro-
emulsion techniques. Sol-gel synthesis, for instance,
involves the reaction of a metal alkoxide precursor
in a solvent, followed by gelation, aging, drying, and
heat treatment to form the metal oxide nanoparticles
(Bokov et al. 2021). Chemical methods generally pro-
vide good control over particle size and morphology
but can involve hazardous chemicals and generate
waste.

Green synthesis methods, on the other hand, use
biological entities like plant extracts or microbes to
reduce metal ions to form nanoparticles. This method
is environmentally friendly and often does not require
high temperatures or pressures (Patel 2022). How-
ever, it can be challenging to control the size and
shape of the nanoparticles using green synthesis
methods (Kuppusamy et al. 2016).

Characterization of metal oxide nanoparticles

Characterizing metal oxide nanoparticles is crucial
to understand their properties and behavior. Various
techniques can be employed for this purpose:

Scanning Electron Microscopy (SEM) and Trans-
mission Electron Microscopy (TEM) are used to
determine the shape and size of the nanoparticles
(Goldstein et al. 2003).

X-ray Diffraction (XRD) is used to identify the
crystalline phases present in the nanoparticle sample,
providing information on the crystal structure and
size of the nanoparticles (Pecharsky and Zavalij n.d.).

Fourier Transform Infrared Spectroscopy (FTIR)
can be used to identify the functional groups present
on the surface of the nanoparticles, giving informa-
tion about possible surface modifications (Stuart
2021).

Dynamic Light Scattering (DLS) and Zeta Poten-
tial measurements are used to determine the hydrody-
namic size of the nanoparticles in solution and their
surface charge, respectively, which are important for
understanding the stability of nanoparticle suspen-
sions (Berne and Pecora 2000). Overall, the synthesis
and characterization of metal oxide nanoparticles are
crucial steps in leveraging their unique properties for
various applications.

Nanoparticle uptake in plants

NPs have unique physical and chemical properties
that make them useful for a variety of applications.
The interaction between nanoparticles and plants,
including their uptake, is an area of active research.
Different types of nanoparticles may interact dif-
ferently with plant tissues and have varied modes
of uptake. Here, we will discuss several common
types of nanoparticles and their potential uptake
mechanisms.

The uptake of nanoparticles by plants can hap-
pen through several mechanisms, largely depend-
ing on the size, shape, and surface chemistry of
the nanoparticles, as well as the plant species and
environmental conditions. This is the primary route
of nanoparticle uptake in plants. NPs present in the
soil solution can enter the plant roots through the
apoplast (non-living spaces in the plant), symplast
(living parts of the plant), or endocytosis (Rico
et al. 2011). NPs can also enter plants through the
stomata, small openings on the leaf surface. This
pathway is especially relevant for airborne nanopar-
ticles (Vittori Antisari et al. 2015). The plant cuti-
cle, a waxy layer on the aerial parts of the plant, can
also be a site of nanoparticle uptake, particularly
for lipid-soluble nanoparticles (Raliya et al. 2015).
There’s evidence suggesting that nanoparticles can
exploit natural plant uptake mechanisms, such as
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ion channels and transporters, although the specifics
can vary depending on the size, charge, and com-
position of the nanoparticles. reported several fac-
tors affecting the uptake of NPs. For instance, the
physicochemical properties of nanoparticles such as
size, shape, surface charge, and coating significantly
influence their uptake by plants. For example,
smaller nanoparticles are generally more readily
absorbed due to their higher surface-area-to-volume
ratio and increased reactivity. Environmental con-
ditions, including pH, temperature, and the pres-
ence of other ions or organic matter, can also affect
nanoparticle uptake, often by altering nanoparticle
stability or the physiology of the plant’s uptake
systems (Joudeh and Linke 2022). Once inside
the plant, nanoparticles can be translocated from
the roots to other parts of the plant via the xylem
and phloem, though the efficiency of this process
depends on the nanoparticles’ properties. Studies
have shown that nanoparticles can accumulate in
various plant tissues, including leaves, stems, and
fruits/seeds, which has implications for food safety
and environmental health. The degree of accumula-
tion can be influenced by the duration of exposure
and the metabolic processes of the plant species
(Wang et al. 2023). Moreover, the uptake of nano-
particles can trigger various biological responses
in plants, ranging from nutrient use efficiency to
stress tolerance and even changes in gene expres-
sion (Wang et al. 2023). However, it can also cause
toxicity, leading to effects like reduced growth,
oxidative stress, and alterations in physiology and
metabolism, particularly at higher concentrations
(Azameti and Imoro 2023). Recent studies have
used advanced imaging techniques, such as electron
microscopy and synchrotron radiation-based analy-
sis, to trace the biodistribution of nanoparticles
within plant tissues and cells (Zhao et al. 2022).
These techniques help in understanding the fate of
nanoparticles inside plants, including any potential
biotransformation (chemical changes that nanopar-
ticles might undergo inside the plant) (Zhao et al.
2022). Moreover, as we gain more insights into
these interactions, there’s a growing need for devel-
oping standardized methodologies for studying nan-
oparticle uptake, translocation, and accumulation in
plants, to ensure data comparability and reliability
across different studies. The implications for food
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safety, environmental implications, and regulatory
policies also require careful consideration.

Mitigating plant stress: the promising role
of nanoparticles in agro-biotechnology

Nanotechnology has the potential to provide new
strategies to combat abiotic stresses like drought
and salinity that drastically affect plant growth and
productivity. Water scarcity or drought is one of the
major abiotic stresses affecting plant growth and
development. NPs can play a significant role in miti-
gating drought stress. Certain types of nanoparticles,
such as hydrogel nanoparticles, can retain a large
amount of water and slowly release it to the plants,
thereby enhancing plant growth under water-limited
conditions (Nair and Chung 2014). NPs can trigger
physiological and biochemical changes that increase
the plant’s drought tolerance. For example, silver
nanoparticles (AgNPs) were shown to enhance the
antioxidant activity of wheat plants under drought
stress, reducing oxidative damage and enhancing
plant growth (El-Saadony et al. 2022). ZnO NPs can
enhance the activities of antioxidant enzymes such
as catalase (CAT), superoxide dismutase (SOD), and
peroxidase (POD) in plants under drought stress,
helping to mitigate the harmful effects of reactive
oxygen species (ROS) that are often produced under
such stress conditions (Rehman et al. 2023). ZnO NPs
can improve plant water use efficiency by modulating
stomatal conductance and transpiration rate, which
could help plants maintain their water balance under
drought conditions (Seleiman et al. 2023). The use of
TiO, NPs can help plants tolerate drought stress via
several mechanisms such as photosynthetic efficiency
and antioxidant activation. TiO, NPs have been found
to improve the efficiency of photosynthesis under
drought stress by increasing chlorophyll content,
leading to enhanced plant growth and productiv-
ity (Ramadan et al. 2022; Thabet et al. 2021a). Like
other types of nanoparticles, TiO, NPs can enhance
the activity of antioxidant enzymes in plants under
drought stress. This enhanced antioxidant activity
can protect the plant cells from oxidative damage
caused by ROS (Cevik 2023; Samanta et al. 2024).
AgNPs can lead to physiological changes in plants
that help them survive under water-limited condi-
tions. For example, they can improve plant water use
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efficiency and modify stomatal conductance to reduce
water loss (Yan and Chen 2019). AgNPs can enhance
the activity of antioxidant enzymes in plants under
drought stress, which helps to alleviate the oxidative
damage caused by the increased production of ROS
(Al-Khayri et al. 2023b; Khan et al. 2020). In general,
the use of nanoparticles can potentially provide inno-
vative solutions to combat abiotic stresses.

Salinity stress can lead to the accumulation of
toxic ions in the plant, water imbalance, and nutri-
ent deficiency, and can impair various physiological
processes. Certain nanoparticles can induce changes
in the plants that increase their salt tolerance (Etes-
ami et al. 2021). For instance, ZnO NPs were shown
to promote the growth of maize seedlings under salt
stress conditions by enhancing the activities of cata-
lase, peroxidase, and superoxide dismutase, which
helped in scavenging the harmful ROS produced due
to salt stress (Faizan et al. 2021). NPs can also deliver
essential nutrients to the plant in a controlled man-
ner, helping to counteract nutrient deficiencies caused
by high salt concentrations. ZnO NPs can potentially
help alleviate these adverse effects by enhancing salt
tolerance and regulating ion homeostasis. The appli-
cation of ZnO NPs has been found to promote plant
growth under saline conditions by enhancing anti-
oxidant enzyme activities, reducing ROS levels, and
alleviating lipid peroxidation caused by high salt
levels (Abdel Latef et al. 2017). ZnO NPs can poten-
tially regulate ion homeostasis in plants exposed to
high salinity, thereby alleviating the toxic effects of
sodium ions and enhancing the uptake of beneficial
ions (Yasmin et al. 2021). TiO, NPs can improve the
uptake and utilization of nutrients in plants grow-
ing in saline conditions. This can help counteract
the nutrient imbalances caused by high salt concen-
trations (Abdel Latef et al. 2018). A recent study
reported the crucial role of the foliar application of
selenium nanoparticles in barley under saline soil
(Thabet and Alqudah 2023). The promising roles
of TiO, NPs in mitigating both drought and salin-
ity stress are attributed to their potential long-term
effects on plant health, potential toxicity, and overall
environmental impact (Thabet et al. 2021a). Moreo-
ver, AgNPs can potentially mitigate these effects.
The application of AgNPs can promote plant growth
under saline conditions by enhancing antioxidant
enzyme activities, reducing ROS levels, and improv-
ing nutrient uptake (Al-Khayri et al. 2023b). AgNPs

can help alleviate the ionic imbalance caused by high
salt levels by modulating the uptake and accumulation
of ions in plant cells (Abasi et al. 2022). Ultimately,
plant responses to drought and salinity stress involve
numerous complex physiological and molecular pro-
cesses, which are often closely related to membrane
stability and plant-water relationships as depicted in
Fig. 3. NPs have been increasingly studied for their
potential roles in enhancing plant tolerance to these
stresses. Furthermore, certain NPs can improve nutri-
ent uptake in plants under stress conditions. For
instance, nano-fertilizers have a high surface area-
to-volume ratio, enhancing their solubility and avail-
ability to plants compared to conventional fertilizers
(Azameti and Imoro 2023). This property is particu-
larly beneficial under stress conditions that typically
reduce nutrient availability or uptake, helping plants
maintain their metabolic activities and growth even
under adverse conditions (Abdel-Hakim et al. 2023).
Moreover, NPs, particularly biochar-based or carbon-
based, can adsorb heavy metals in the soil, reducing
their uptake by plants. This action helps in mitigat-
ing the toxic effects of heavy metal stress (Chausali
et al. 2021). Additionally, certain nanoparticles can
induce the expression of metallothioneins, proteins
that bind and sequester heavy metals, thus reducing
their toxicity to plant cells (Rai et al. 2023). While
nanoparticles hold promising potential for enhancing
plant stress tolerance, it’s essential to approach their
use cautiously. The long-term effects and ecologi-
cal impacts of nanoparticle exposure in agriculture
remain subjects of extensive research, and their inter-
actions with plants and ecosystems can be complex
and still not fully understood. Further studies, par-
ticularly at the genomic, proteomic, and metabolomic
levels, are required to unravel the detailed mecha-
nisms of how different types of nanoparticles interact
with plant systems under various environmental stress
conditions.

Nanoparticles improve membrane stability,
plant-water relationships, and nutrient delivery
Improvement of membrane stability

Mitigating oxidative damage is one of the major

impacts of drought and salinity stress due to the
overproduction of ROS, which can cause oxidative
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damage to cell membranes. Nanoparticles, such as
AgNPs and TiO, NPs, can enhance the activity of
antioxidant enzymes, helping to mitigate oxidative
damage and maintain membrane stability (Al-Khayri
et al. 2023b). Under salinity stress, excess sodium
ions can disrupt ionic balance and harm the cell
membrane. Certain nanoparticles, like silicon dioxide
nanoparticles (SiO, NPs), can modulate the activity
of ion channels and transporters, helping to maintain
ionic balance and protect the membrane (Mahmoud
et al. 2020).

Enhancement of plant-water relationships
The role of nanoparticles in enhancing plant-water

relationships is pivotal, especially in an era where
water scarcity and environmental challenges threaten
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sustainable agricultural practices (Rehman et al.
2024). Plant-water relationships involve the absorp-
tion, transport, and utilization of water by plants,
which are critical processes for plant growth, pho-
tosynthesis, and overall productivity (Rasheed et al.
2022a). Nanotechnology offers innovative approaches
to improve water efficiency and resilience in plants,
addressing several aspects:

NPs, due to their minute size and high sur-
face area, can alter the soil’s physical properties to
enhance its water-holding capacity (Khan et al. 2019).
Certain NPs can carry and release nutrients in a con-
trolled manner, ensuring that plants receive a steady
supply of essential nutrients without excessive water
(El-Saadony et al. 2022). Nano-fertilizers require less
water compared to traditional fertilizers, as they mini-
mize nutrient leaching and runoff, thereby promoting
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efficient water use and preventing groundwater con-
tamination. (Yadav et al. 2023a) At the molecular
level, NPs can interact with plant cells, potentially
altering the expression of genes involved in water
stress responses. For instance, nanoparticle-mediated
delivery of genetic material or hormones could help
plants maintain better cell turgor pressure and osmotic
balance, enhancing their tolerance to drought or salin-
ity by regulating stomatal opening and closing, thus
optimizing water usage (Al-Khayri et al. 2023a).
Nanopesticides and nanocarriers for biocontrol agents
can target specific pests and diseases with precision,
reducing the need for broad-spectrum chemicals and
excessive irrigation associated with traditional pesti-
cide application (Chaud et al. 2021). Healthier plants
are more efficient in their water usage and can main-
tain optimal water relationships (Yadav et al. 2023b).
For monitoring plant water status, nanosensors can
be used to monitor plant water status in real-time,
allowing for precise irrigation when it’s most needed.
These sensors can detect minute changes in soil mois-
ture, humidity, and plant water stress, ensuring that
plants receive the right amount of water at the right
time, thus preventing both water scarcity and water-
logging conditions (Li et al. 2022a). Certain NPs can
also influence the light absorption efficiency of pho-
tosynthetic pigments, potentially enabling plants to
produce more biomass with the same amount of water
or maintain productivity under reduced water availa-
bility (Nayeri et al. 2023). Moreover, NPs can be used
for the remediation of polluted water sources, mak-
ing them safe for irrigation. For instance, they can
bind to heavy metals or degrade organic pollutants,
thereby preventing these contaminants from entering
the plant system and the broader ecosystem (Okeke
et al. 2023). In conclusion, nanoparticles hold signifi-
cant promise in optimizing plant-water relationships
is critical for sustainable agriculture and food secu-
rity. However, this emerging field requires cautious
optimism, with policies and research geared towards
maximizing benefits while mitigating potential risks.

Improvement nutrient delivery

Under stress conditions, plants often experience
significant challenges in nutrient uptake due to the
decreased availability and mobility of nutrients, as
well as changes in soil properties and plant physiol-
ogy (Agnihotri et al. 2018). NPs, due to their unique

properties, can play a pivotal role in improving nutri-
ent uptake under these stressful conditions (Nongbet
et al. 2022). Also, NPs, due to their small size, high
surface area, and ability to carry and release nutri-
ents in a controlled manner, can improve nutrient
delivery to plants (Elemike et al. 2019). Nano ferti-
lizers, which contain essential nutrients encapsulated
in nanoparticles, can enhance the availability and
uptake of nutrients by plants. For example, Nano-
fertilizers containing nitrogen, phosphorus, potas-
sium, or micronutrients can significantly improve
plant nutrition under stress conditions (Nongbet et al.
2022). Under salinity stress, high salt concentrations
can interfere with the absorption of essential nutri-
ents by creating an ionic imbalance. Certain types of
nanoparticles, such as silicon dioxide (SiO,) nano-
particles, have been shown to help mitigate this ionic
imbalance, thereby improving nutrient uptake (Ete-
sami et al. 2021; Tripathi et al. 2017). Nanoparticles
can regulate plant physiological processes, leading to
enhanced nutrient uptake. For instance, studies have
shown that certain nanoparticles can upregulate the
expression of nutrient transporters, thus improving
nutrient acquisition under stressful conditions (Junedi
et al. 2023; Tan et al. 2017). Some nanoparticles can
alter soil properties to improve nutrient availability.
For example, biochar nanoparticles can increase soil
water-holding capacity and nutrient retention, thus
enhancing nutrient availability under drought and
salinity stress (Liu and Lal 2015).

The role of nanoparticles in protecting
photosynthetic apparatus

The photosynthetic apparatus, including chloroplasts,
photosynthetic pigments, and photosystems, is among
the most sensitive targets of drought and salinity
stress (Sherin et al. 2022). Under such stress condi-
tions, ROS production increases, leading to oxida-
tive stress that damages the photosynthetic machin-
ery and decreases photosynthesis (Foyer 2018). NPs
can help to protect the photosynthetic apparatus and
improve photosynthesis under these stressful con-
ditions (Dilnawaz et al. 2023; Kataria et al. 2019).
Some nanoparticles, such as cerium oxide (CeO,)
and TiO, nanoparticles, have been shown to protect
the photosynthetic machinery from oxidative damage.
They can act as ROS scavengers, reducing oxidative
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stress and preserving the integrity and function of
chloroplasts and photosystems (Chen et al. 2015;
Kumar et al. 2023; Singh and Lee 2016). NPs can
improve the synthesis of photosynthetic pigments,
such as chlorophyll, which are essential for photosyn-
thesis. For example, ZnO and Ag nanoparticles can
enhance chlorophyll content under drought and salin-
ity stress, thus improving photosynthesis (Rizwan
et al. 2017; Vannini et al. 2014). Certain NPs have
antioxidant properties, allowing them to scavenge
ROS generated under stress conditions (Choudhary
et al. 2024). For example, cerium oxide nanoparti-
cles and manganese nanoparticles mimic the action of
superoxide dismutase, a natural antioxidant enzyme
in plants, neutralizing ROS and thereby protecting
the photosynthetic apparatus from oxidative dam-
age (Padmanaban et al. 2023). NPs can enhance the
uptake of nutrients by modifying root characteristics
or influencing soil fertility, thereby promoting plant
growth and overall health (Al-Mamun et al. 2021).
Certain nanoparticles, such as zinc oxide and TiO,,
can act as UV filters. When applied to plants, these
nanoparticles can scatter or absorb harmful UV rays,
protecting the photosynthetic apparatus from poten-
tial UV-induced damage (Liang et al. 2022). Some
nanoparticles can confer thermo-protective effects on
plants, helping them survive in extreme temperatures.
This protection ensures the integrity of the photosyn-
thetic apparatus is maintained, even under heat stress
conditions (Karumannil et al. 2023). NPs have shown
promise in enhancing water use efficiency in plants.
For instance, hydrogel nanoparticles can absorb water
and release it slowly, allowing plants to access water
over extended periods, which is especially critical
during drought conditions. By maintaining proper
hydration, the photosynthetic apparatus can func-
tion more effectively (Patra et al. 2022). Moreover,
NPs can modulate the expression of genes related to
photosynthesis, thus enhancing photosynthetic effi-
ciency (Rasheed et al. 2022b). For instance, carbon-
based nanoparticles have been shown to upregulate
genes involved in chloroplast development and pho-
tosynthesis under stress conditions (Chandrashekar
et al. 2023). Also, NPs can enhance the stability of
the photosynthetic process under stress conditions.
For instance, silica nanoparticles have been found to
stabilize photosystem II (PSII) and enhance photo-
synthetic performance under salinity stress (Qi et al.
2013; Rasheed et al. 2022a). However, it’s crucial
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to note that while nanoparticles offer these potential
benefits, their interaction with plants and ecosystems
must be thoroughly understood to prevent possible
negative effects. There are concerns regarding toxic-
ity and bioaccumulation, which could adversely affect
plant health, soil quality, and the broader ecosystem.
Therefore, while nanoparticles present a promising
tool for protecting the photosynthetic apparatus, their
application must be approached with caution, com-
prehensive understanding, and regulatory oversight.

Maintenance of hormonal crosstalk

Plant hormones such as abscisic acid (ABA), salicylic
acid (SA), jasmonic acid (JA), and ethylene (ET) play
key roles in plant responses to drought and salin-
ity stress. These hormones often interact with each
other, a phenomenon known as hormonal crosstalk,
to regulate plant stress responses. Nanoparticles can
modulate this hormonal crosstalk to enhance plant
tolerance to stress. Alabdallah and Hasan (2021)
reported that AgNPs can increase the levels of ABA,
a hormone that plays a crucial role in plant responses
to drought and salinity stress. AgNPs can induce a
stress-like response in plants, even in the absence of
typical environmental stressors. The nanoparticles
are often perceived by plants as foreign elements,
which can trigger a cascade of reactions within the
plant’s internal defense system. This stress percep-
tion is known to induce the synthesis of ABA, as
the hormone acts as a signaling molecule in various
stress responses, including those initiated by AgNPs
(Yan and Chen 2019). One of the well-known roles of
ABA is the regulation of stomatal closure to reduce
water loss in times of drought stress. Studies have
shown that AgNPs can cause stomatal closure, and
it’s suggested that this may be due to the increased
levels of ABA. When AgNPs are absorbed by plant
roots or taken up by foliage, they may stimulate the
plant’s signaling pathway to increase ABA synthesis,
leading to reduced transpiration through stomatal clo-
sure (Bharath et al. 2021). Elevated ROS levels are a
signal for stress conditions, and plants often respond
by increasing the production of antioxidants and sign-
aling molecules like ABA to mitigate the stress con-
ditions (Li et al. 2022b). Thus, AgNPs can indirectly
result in increased ABA levels through enhanced
ROS production (Abasi et al. 2022). Some studies
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have found that AgNPs can influence seed germi-
nation rates and overall plant growth. As ABA is a
regulator of seed dormancy and germination, AgNPs
may impact these processes through the modulation
of ABA levels (Nadarajah 2020; Noga et al. 2023).
While the relationship between AgNPs and increased
ABA levels in plants highlights the potential of nano-
technology in the field of agriculture, such as in the
development of new stress-resistance cultivars or
management practices, it’s also important to note the
necessity for detailed studies on potential toxicity and
environmental impacts of AgNPs. Further research
is needed to fully understand the underlying mecha-
nisms of how AgNPs interact with plant hormonal
pathways, including those involving ABA (Tariq
et al. 2022). Therefore, the use of nanoparticles in
the maintenance of hormonal crosstalk is important
for improving plant growth and development under
stressful environmental conditions.

Nanoparticles improve phenolic compounds
accumulation

Plants often increase the production of phenolic
compounds, which are secondary metabolites that
play significant roles in stress responses due to their
antioxidant, UV-absorbing, and signaling properties
(Lin et al. 2016). NPs can enhance the accumula-
tion of these phenolic compounds under stress con-
ditions, thereby improving plant stress tolerance.
NPs can stimulate the biosynthesis of phenolic com-
pounds (Rasheed et al. 2022¢). For example, recent
studies have reported that the application of AgNPs
and ZnONPs can enhance the production of phenolic
compounds in plants under drought and salinity stress
(Kim et al. 2024b; Kumari et al. 2022). NPs can regu-
late the metabolic pathways related to phenolic com-
pounds (Bontempo et al. 2023). This can be achieved
through the modulation of the activities of key
enzymes in these pathways, such as phenylalanine
ammonia-lyase (PAL), which catalyzes the first step
in the biosynthesis of phenolic compounds. Studies
have demonstrated that nanoparticles like nano-TiO,
can enhance the activity of PAL, thereby promoting
phenolic metabolism (Shah et al. 2021). Furthermore,
NPs can improve the storage and mobilization of phe-
nolic compounds, which can be crucial under stress
conditions (Geremew et al. 2023). For instance, Yin

et al. (2012) detected that SiO, nanoparticles have
been shown to improve the compartmentalization of
phenolic compounds in vacuoles, which can protect
plant cells from the potential toxicity of these com-
pounds and ensure their availability when needed.

Nanoparticles enhance sugar metabolism

Nanotechnology, the manipulation of matter at the
atomic and molecular scale, has shown remarkable
potential in various fields, including biomedicine,
electronics, and agriculture. Recent research has
revealed that nanoparticles can play a pivotal role in
modulating plant physiological processes, includ-
ing sugar metabolism, especially under stress con-
ditions (Bayda et al. 2019). Here, we delve into the
role of nanoparticles in enhancing sugar metabolism
in plants under stress responses. Before delving into
nanoparticles, it’s essential to understand the rela-
tionship between stress and sugar metabolism in
plants. Furthermore, plants, when subjected to vari-
ous abiotic stresses (e.g., drought, salinity, tempera-
ture extremes), show alterations in their primary
metabolism, particularly sugar metabolism (Saba
et al. 2023a). Sugar molecules, apart from being met-
abolic intermediates, also act as signaling molecules
and osmoprotectants, helping plants cope with stress
conditions (Sharma et al. 2019). Therefore, modulat-
ing sugar metabolism can potentially enhance plant
resilience to stressful environments (Fig. 3). Certain
nanoparticles, when applied to plants, can interact
directly with the enzymes and intermediates involved
in sugar metabolism pathways. This interaction can
either promote or inhibit specific reactions, leading
to an increased accumulation of sugars, which can
act as osmoprotectants under stress conditions (Hao
et al. 2021). NPs can also influence the expression of
genes related to sugar metabolism. This gene-level
interference can amplify or diminish the synthesis of
enzymes crucial for sugar metabolic pathways, thus
allowing plants to adjust their metabolic processes
according to environmental cues (Selvakesavan et al.
2023). Various nanoparticles have been investigated
for their role in modulating plant sugar metabolism.
For instance, Exposure to AgNPs has been reported
to increase sugar content in some plants (Kim et al.
2024a). This could be due to the oxidative stress
generated by AgNPs, leading plants to accumulate
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more sugars as a protective mechanism (Abasi et al.
2022). Silicon, a beneficial element for plants, when
delivered in nanoparticulate form, can bolster sugar
metabolism, especially under drought stress. It can
enhance the enzymatic activity and facilitate better
sugar regulation in plants (Irfan et al. 2023). In con-
clusion, nanoparticles hold potential in modulating
sugar metabolism in plants, especially under stress
conditions. This can be a novel avenue for enhancing
crop productivity in increasingly challenging environ-
mental conditions.

Nanoparticles improve the expression
of stress-responsive genes

NPs can play a significant role in enhancing the
expression of stress-responsive genes under drought
and salinity stress. These genes play a critical role
in plant responses to stress and can lead to changes
in plant physiology, metabolism, and growth that
enhance stress tolerance (Prajapati et al. 2023).
For example, the application of ZnONPs has been
detected to upregulate the expression of genes
involved in salt stress responses in plants (Sheteiwy
et al. 2021; Spano et al. 2020). These genes encode
proteins involved in a variety of processes, includ-
ing ion transport, signaling, and ROS detoxifica-
tion. Transcription factors are proteins that control
the expression of other genes and play a key role in
plant responses to stress (Trono and Pecchioni 2022).
NPs can modulate the activity of these transcription
factors, thereby influencing the expression of stress-
responsive genes. Gomaa et al. (2021) reported that
AgNPs can modulate the activity of transcription fac-
tors involved in stress responses, leading to enhanced
plant stress tolerance.

Toxicity of nanoparticles in agriculture

Nanotechnology has tremendous potential in agricul-
ture due to its ability to enhance nutrient absorption,
pest control, and disease management, and improve
the overall sustainability of agricultural practices
(Prasad et al. 2017). However, the introduction of
nanoparticles into the ecosystem could have unin-
tended consequences, leading to potential toxicity and
hazards. One major concern is that nanoparticles used
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in agriculture (for instance, nanopesticides, nanofer-
tilizers, or nano-enabled water treatment systems)
might accumulate in the environment (lavicoli et al.
2017; Mohammadi et al. 2023). Due to their small
size, nanoparticles can easily be transported by water
or wind, leading to contamination of water sources,
soil, or unintended ecosystems (Ray et al. 2009).
Their high reactivity and surface area-to-volume
ratio might also result in interactions with native spe-
cies or bioaccumulation in the food chain, potentially
disrupting ecosystem balances (Iavicoli et al. 2017).
NPs can adversely affect soil health by altering the
microbial community structure. The soil microbiota
plays a crucial role in nutrient cycling, organic mat-
ter decomposition, and plant health (Zhu et al. 2022).
NPs might be toxic to certain microorganisms, poten-
tially disrupting these processes and affecting plant
growth and soil health (Khanna et al. 2021). Although
some nanoparticles are designed to be beneficial to
plants, they can become toxic at certain concentra-
tions or sizes due to the enhanced reactivity. This can
lead to phytotoxicity, affecting plant growth, seed ger-
mination rates, and crop yield (Shelar et al. 2023). In
some cases, nanoparticles can induce oxidative stress
in plants, damaging cellular structures and inhibiting
normal plant functions (Budhani et al. 2019). Since
agricultural products are part of the human food sup-
ply, there’s a risk that nanoparticles used in agricul-
ture might accumulate in edible parts of plants or
in animal tissues, leading to potential health risks if
consumed (Mittal et al. 2020). The long-term health
effects of consuming nanoparticles are not entirely
understood and are a subject of ongoing research (He
et al. 2019). There’s currently a lack of comprehen-
sive regulation concerning the use of nanotechnology
in agriculture. This is partially due to the relatively
nascent state of the field, but also because of the com-
plex behavior of nanoparticles, which makes them
difficult to categorize and assess under traditional
regulatory frameworks (Kumari et al. 2023). Given
these potential risks, it’s crucial to approach the use
of nanotechnology in agriculture with caution. Com-
prehensive risk assessments, clear regulations, and
thorough research into the long-term implications of
nanomaterial exposure on environmental and human
health are essential. Responsible nanotechnology use
in agriculture should balance the potential benefits
with a cautious approach to avoid unforeseen negative
impacts.
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Nanoparticles improve growth, yield, and quality

NPs have shown great potential in improving the
growth, yield, and quality of plants under drought
and salinity stress conditions (Azameti and Imoro
2023). Their unique properties and interactions with
plants can lead to beneficial effects on plant physiol-
ogy, metabolism, and overall performance. NPs can
promote plant growth under stress challenges by
improving nutrient uptake, regulating hormone levels,
and mitigating stress-induced damage (Hayat et al.
2023). The application of SiNPs has been shown to
enhance root development, increase shoot biomass,
and improve overall plant growth under drought
and salinity stress (Mukarram et al. 2022). Simi-
larly, ZnONPs have been found to enhance root and
shoot growth, leading to improved plant performance
under stress conditions (Rizwan et al. 2019). In addi-
tion, NPs can positively influence crop yield under
drought and salinity stress. By improving nutrient
availability, photosynthetic efficiency, and stress tol-
erance, nanoparticles can enhance the productivity of
plants (Alharbi et al. 2023; Khan et al. 2022). Saba
et al. (2023b) reported increased yield in crops such
as wheat, rice, and maize when treated with nanopar-
ticles under stress conditions. These yield improve-
ments can be attributed to the nanoparticles’ ability
to alleviate stress-induced growth constraints and
enhance plant physiological processes. NPs have the
potential to improve the nutritional quality of crops
grown under drought and salinity stress (Al-Khayri
et al. 2023b). They can enhance the accumulation of
essential nutrients, vitamins, and antioxidants, which
are important for human health. For instance, the
application of SeNPs has been reported to increase
the selenium content in plants, thus improving their
nutritional value (Bano et al. 2021; Thabet and Alqu-
dah 2023). Additionally, NPs can enhance the synthe-
sis of bioactive compounds and secondary metabo-
lites, contributing to improved quality traits in crops.
Nanoparticles can regulate various physiological pro-
cesses in plants, enabling them to better cope with
drought and salinity stress (Selvakesavan et al. 2023).
While NPs show promise in improving growth, yield,
and quality under drought and salinity stress, it is
important to consider factors such as nanoparticle
dosage, application methods, and potential environ-
mental impacts.

NPs bring ultra-structural changes to induce
stress tolerance

NPs have shown the ability to induce ultra-structural
changes in plants, which can contribute to improved
drought and salinity tolerance. These structural modi-
fications at the cellular and subcellular levels enhance
the plant’s ability to withstand water scarcity and
high salt concentrations (Raza et al. 2023). NPs can
play a vital role in protecting the integrity of the cell
membrane under environmental stress conditions. By
interacting with the lipid bilayer, nanoparticles can
prevent the loss of membrane integrity, reduce mem-
brane permeability, and enhance the overall stability
of the membrane structure (Wang et al. 2017). This
protection helps to maintain cellular homeostasis and
prevent the entry of harmful ions, thereby improving
stress tolerance (Bora et al. 2022). NPs can influence
stomatal behavior, which is crucial for controlling
water loss through transpiration. They can regulate
the opening and closing of stomata, reducing transpi-
ration rates and conserving water under drought and
salinity stress conditions (Seleiman et al. 2021). This
regulation helps to maintain plant hydration levels and
enhance water use efficiency (Cominelli et al. 2010).
Also, NPs can protect cellular organelles, such as
chloroplasts and mitochondria, against stress-induced
damage (Kumar et al. 2024). These organelles
play essential roles in energy production and stress
responses. Nanoparticles can prevent oxidative dam-
age to chloroplasts, maintain their structural integrity,
and enhance photosynthetic efficiency (Wahab et al.
2023). Additionally, they can protect mitochondria
from oxidative stress, ensuring efficient energy pro-
duction and metabolic processes (Alam et al. 2021).
Moreover, NPs can induce changes at the subcellular
level, leading to improved stress tolerance. They can
enhance the development and functionality of sub-
cellular structures like peroxisomes and endoplas-
mic reticulum, which are involved in stress-related
processes, including ROS detoxification and protein
synthesis (Sharma et al. 2012). These improvements
contribute to overall stress tolerance and plant per-
formance (Cevik 2023). Through their interactions
with plant cells, nanoparticles bring about ultra-
structural changes that enhance the plant’s ability to
cope with drought and salinity stress (Mariyam et al.
2024). These changes contribute to improved cellular
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integrity, water regulation, organelle protection, and
subcellular functionality.

In conclusion, the exploration of nanoparticles in
agriculture, as detailed in this review, represents a
groundbreaking approach to enhancing the resilience
of plants under stress. The unique attributes of nano-
particles, including their size, reactivity, and capacity
for targeted delivery, present a spectrum of opportu-
nities for stress mitigation. From improving nutrient
uptake to triggering stress response mechanisms, nan-
oparticles show immense potential in fortifying plants
against a range of environmental challenges such as
drought, salinity, and metal toxicity. However, while
the potential benefits are substantial, the environmen-
tal implications and potential health risks associated
with nanoparticle use in agriculture must not be over-
looked. The need for comprehensive understanding
and careful regulation in the deployment of nano-
technology in agriculture is of utmost importance,
to ensure the safety and sustainability of its applica-
tions. Further studies, particularly at the genomic,
proteomic, and metabolomic levels, are required to
unravel the detailed mechanisms of how different
types of nanoparticles interact with plant systems
under various environmental stress conditions strive
to develop innovative, eco-friendly nanoparticles.
Interdisciplinary approaches integrating nanotech-
nology, plant biology, and agricultural science are
critical to realizing the potential of nanoparticles in
promoting stress tolerance in plants. Thus, nanopar-
ticles, when applied thoughtfully, can revolutionize
agricultural practices, paving the way toward a future
of increased plant resilience and food security.
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