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Abstract: Climate change significantly affects plant growth and productivity by causing different
biotic and abiotic stresses to plants. Among the different abiotic stresses, at the top of the list are
salinity, drought, temperature extremes, heavy metals and nutrient imbalances, which contribute
to large yield losses of crops in various parts of the world, thereby leading to food insecurity is-
sues. In the quest to improve plants” abiotic stress tolerance, many promising techniques are being
investigated. These include the use of nanoparticles, which have been shown to have a positive
effect on plant performance under stress conditions. Nanoparticles can be used to deliver nutri-
ents to plants, overcome plant diseases and pathogens, and sense and monitor trace elements that
are present in soil by absorbing their signals. A better understanding of the mechanisms of nano-
particles that assist plants to cope with abiotic stresses will help towards the development of more
long-term strategies against these stresses. However, the intensity of the challenge also warrants
more immediate approaches to mitigate these stresses and enhance crop production in the short
term. Therefore, this review provides an update of the responses (physiological, biochemical and
molecular) of plants affected by nanoparticles under abiotic stress, and potentially effective strate-
gies to enhance production. Taking into consideration all aspects, this review is intended to help
researchers from different fields, such as plant science and nanoscience, to better understand pos-
sible innovative approaches to deal with abiotic stresses in agriculture.

Keywords: nanoparticles; stress tolerance; physiology; molecular; drought; salinity; temperature;
heavy metals; nutrients imbalance

1. Introduction

A variety of factors influence agricultural productivity, including the climate. Agri-
culture is fundamental to human welfare, and many organizations and others are con-
cerned about the effects of climate change on agriculture. As a result of increasing annu-
al temperatures, changing patterns of rainfall, floods, and dwindling water reserves,
major agriculture crops are affected by climate change. The agricultural sector provides
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income and employment to almost half of the labor force and supplies raw materials to
industry in developing and less developed countries. Global hunger and food insecurity
are continuously increasing due to the phenomenal increase in global population and
stagnant agricultural performance [1]. Climate change causes many biotic and abiotic
stresses to plants which affect plant growth and cause declines in yield [2]. Different
strategies have been adopted to overcome these negative effects of climate change, i.e.,
the use of tolerant genotypes, application of different plant growth regulators, and the
use of organic fertilizers. Currently, nanotechnology is substantially contributing to this
sector. Nanotechnology studies the various structures of matter on the scale of a bil-
lionth of a meter. A nanoparticle (NP) is a small molecular aggregate with an interfacial
layer surrounding a diameter of 1 to 100 nanometers. Several critical properties of matter
are fundamentally impacted by this interfacial layer at the nanoscale [3,4]. As a result of
their small size, NPs have some unusual properties compared with bulk materials. Na-
noparticles refer to organic materials rather than individual molecules. The fact that NPs
link bulk materials to atomic or molecular structures cause them to be of high scientific
interest. The various NPs used for the treatment of plants to overcome environmental
challenges are: titanium dioxide (TiOz), zinc (Zn), zinc oxide (ZnO), cesium (Ce), cobalt
(Co), copper (Cu), copper oxide (CuO), selenium (Se) NPs, silver (Ag), silicon (Si), silicon
oxide (5i0z), iron oxide (FeO), calcium (CaCOs), magnesium (Mg), magnesium oxide
(MgO), manganese (Mn), and molybdenum (Mo) NPs; and aluminium oxide (AlOs) and
carbon nanotubes (CNTs).

To cope with environmental stress, plants have developed a wide range of efficient
and comprehensive molecular programs to rapidly sense stressors and adapt according-
ly [5]. Plants can enhance this response through the interaction of NPs with plants. Nan-
otechnology promises to increase crop yield by improving plant tolerance mechanisms
under abiotic stress conditions [6]. Several studies have shown that NPs play a vital role
in improving the tolerance of plants to abiotic stresses by modulating various physiolog-
ical, biochemical, and molecular processes (Figure 1).
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Figure 1. Mechanisms of NPs mitigate abiotic stresses in plants.

Crop growth and improvement can effectively be achieved in modern agriculture
through nanotechnology. NPs can be used in the agricultural sector as nano-
agrochemicals (nanobiocomposites, nanopesticides, nanofertilizers), agri-food produc-
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tion, nanobiosensors, agri-environment, organic agriculture, postharvest management,
and plant genetic progress by NP-mediated gene transfer [7,8]. In recent years, the reli-
ance on nanotechnology in different industries has been increasing due to its copious
potential, sustainable, eco-friendly, and cost-effective applications. The use of nanopesti-
cides and nanofertilizers has enhanced agricultural productivity, for example, urea-
doped calcium phosphate nanofertilizers have helped commercial crops to obtain effi-
cient nutrients from the soil, specifically urea; helped maintain crop growth and produc-
tivity; and helped to achieve sustainable agriculture [9-11]. Madusanka et al. [12] ob-
served the slow release of nitrogen by using a urea-hydroxyapatite-montmorillonite na-
nohybrid composite. The use of hydroxyapatite nanoparticles significantly influenced
the crop yield and germination attributes of tomato plants [13]. The range of applica-
tions of nanotechnology in the remediation of soil and water has increased food quality
and production. Moreover, with nanotechnology being eco-friendly, its use has a signifi-
cant benefit in reducing the harmful effects of chemicals used on crops, and the effects
caused by agriculture on the environment [14]. NPs have been effective on seed and
plant metabolisms by enhancing growth. The advantageous characteristics of NPs being
small allows them to cross biological barriers in plants more efficiently and remediate
plant stresses, such as salt stress and heat stress, and stress caused by heavy metals [15].

NPs and their effects on plants under abiotic stress conditions are well documented.
However, to date, no proper review has summarized and explained the physiological,
biochemical, and molecular mechanisms of plants under abiotic stresses and their cop-
ing mechanism by use of nanotechnology. This review is designed to revitalize the status
of NP and plant research, and identify the key knowledge gaps in order to tackle the
mountainous challenge of abiotic stresses caused by climate change, in the agricultural
sector. Our goal is to accumulate and integrate previous research to provide relevant in-
formation on NPs and plant abiotic stresses. Academia and researchers interested in
nanotechnology, biology, plants, abiotic stress physiology, or biotechnology will find
this article of interest. This new body of knowledge can be used to assess and minimize
abiotic stresses in plants with the help of nanotechnology.

2. Review Scope and Approach

The current review study extensively covers MEDLINE and other published litera-
ture between 2015 and 2022 (until July), reporting the effect of NPs on plant growth and
physiology under different abiotic stresses caused by climate change. The impact of na-
noparticles has recently been documented in novel ways. In this review, each scientific
article was critically reviewed for its method, result, and conclusion when discussing
specific NPs. The search was performed in the databases “Google Scholar”, “PubMed”,
and “Web of Science”, using different keywords. Consequently, this review summarizes
and consolidates the current research findings about NPs in the following areas: (1) re-
sponse of plants to abiotic stresses and their mitigation strategies using NPs; (2) the
physiological and growth attributes of major abiotic stresses, i.e., drought, temperature
extremities, salinity, and heavy metals; and (3) the biochemical and molecular responses
of plants when exposed to NPs under abiotic stress conditions. We provide a detailed
assessment of the effect of NPs on plant mechanisms under abiotic stresses. However,
despite our efforts, we were unable to cover every aspect thoroughly. Concisely, the re-
view approach was as follows. The keywords “NPs”, “abiotic stresses”, “drought
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stress”, “heat stress”, “cold stress”, “salinity” or “heavy metal” “toxicity”, “photosyn-
thetic attributes”, “growth and development”, “plants”, “reactive oxygen species”, and
“gene regulations” were selected individually or jointly. Scientific literature, preferably
spanning between 2015 and 2022 (until July), was assimilated and reviewed. Figure 2
shows a schematic diagram depicting the decision-making process for the selection of
appropriate journal articles and the scope of the review. Each selected article was then

explained in terms of its key concepts.
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Figure 2. Schematic diagram depicting the decision-making process for the selection of a journal
article, and the scope of the review.

3. Drought Stress

Drought is a chronic abiotic stress affecting crop growth and development, account-
ing for approximately 70% of the potential loss of global crop yield and productivity
[16]. Drought hinders agriculture and forestry worldwide, due to very little rainfall or
significant differences in moisture. The current trends of global warming are causing a
major impact on the moisture levels of the soil and the environment, and are increasing
the intensity of droughts. Plants are subjected to various stresses during their growth,
and the morphology of plants is affected at all stages of development due to drought
stress, with productivity losses expected to reach 30% globally by 2025. Severe droughts
are a major problem for agriculture in a changing climate, as water scarcity is predicted
to become more common. Drought refers to the conditions where a plant’s water de-
mand cannot be fully met, such as where the transpiration water level of the plant ex-
ceeds the water absorbed by the root system, insufficient precipitation, a drop in the
groundwater level, or water retention by soil particles [17]. Plants reduce water loss
through adjustments in morphological anatomy, physiology and biochemistry to main-
tain their water status as a result of drought [18,19]. Drought stress leads to a reduction
in cell enlargement as compared with affecting cell division. It affects plant growth by
altering the functioning of various physiological and biochemical processes, i.e., photo-
synthesis, respiration, enzymatic activity, and nutrient metabolism [20]. The response of
plants to drought stress varies at different tissue levels, depending on the intensity and
duration of the stress, as well as plant species and growth stage. Understanding how
plants respond to drought is very important and an essential part of improving the tol-
erance of crops to stress.

Different molecular, biochemical, physiological, morphological and ecological traits
and processes are disrupted under drought stress conditions [21,22]. A deficit of water
has adverse effects on plant yield and quality. Growth stage, age, plant species, drought
severity, and duration are key factors affecting plant response to drought [23]. Plants die
off under prolonged drought conditions [24]. Water scarcity in plants increases the con-
centration of the solute in the cytosol and extracellular matrices as a result of the reduc-
tion in plant cells” water potential and turgor, which leads to growth inhibition and re-
productive failure. Wilting is caused by the accumulation of abscisic acid and compati-
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ble osmolytes [25,26]. Adverse influences are aggravated due to the overproduction of
ROS and radical scavenging compounds such as ascorbate and glutathione [27,28]. Wa-
ter stress in plants due to drought affects the stomatal functions and limits the gaseous
exchange, decreasing the rate of transpiration and carbon assimilation [29]. In turn, the
mechanisms of resistance of plants to drought vary. Therefore, plants can reduce re-
source utilization and regulate growth in response to adverse environmental conditions
[30]. Signal transduction, a network at the molecular level, enhances these responses to
drought stress [31]. Plant stomatal regulation by enhancing ion transport, transcription
factor activity, and ABA signal transduction is also involved in the molecular mecha-
nism of plant response [32]. In some changing environments, there is a need to enhance
the resistance of plants against drought. To improve water use efficiency when the phys-
ical fitness of roots and leaves is insufficient to cope with certain drought molecular sig-
nals, plant enhancement may be conducted by including genes encoding regular pro-
teins and signals by crosstalk, expressing many other genes according to different regu-
latory mechanisms [33]. To achieve future food demands, further advancement is re-
quired in enhancing drought tolerance in plants, and the adoption of economical and
beneficial agricultural practices will be critical [34].

3.1. NPs Mitigate Drought Stress in Plants

NPs are known by their specific shape, tunable pore size, and high reactivity with
enhanced surface area [35]. NPs are considered an effective and promising tool for regu-
lating crop yield and overcoming current and future limitations of agricultural produc-
tion by increasing the tolerance mechanisms in plants under abiotic stress conditions.
The mitigating effect of NPs on drought stress is caused by inducing physiological and
biochemical regulation, and regulating the expression of genes relating to drought re-
sponse/tolerance. NPs enhance the photosynthetic activity of drought-induced plants,
whereby the improvement of root growth, upregulation of aquaporins, altered intracel-
lular water metabolism, accumulation of compatible solutes, and ionic homeostasis are
the main mechanisms by which NPs alleviate osmotic stress caused by water deficiency.
NPs reduce leaf water loss caused by the accumulation of ABA through stomatal clo-
sure, and ameliorate oxidative stress damage by reducing reactive oxygen species and
activating antioxidant defense systems.

3.1.1. Physiological and Biochemical Aspect

Nanotechnology has the capability to enhance plant photosynthesis efficiency by al-
tering the enzymatic activity involved in the C3 cycle, along with regulating photosyn-
thetic pigments responsible for plant growth [36]. NPs have positive effects on plant
germination and growth, however, their efficacy varies with their concentration and
host plant. In sorghum plants under drought conditions, foliar spraying of nanowax in-
creased seed yield in plants in comparison with spraying with water. TiO2 NPs have
many strong effects on the morphological, biochemical, and physiological properties of
crops [37]. During the growth phase of cucumber plants, exogenous application of NPs
promoted rubisco activase activity, chlorophyll formation, and photosynthetic rate,
which led to an increase in plant dry mass [38]. It was further noted that foliar applica-
tion of NPs could increase the seed yield of soybean, due to enhanced photosynthesis
[39].

The impact of nano-TiO: varies with respect to changing environmental conditions,
plant species, and different application doses. In this context, Mohammadi et al. [40] in-
vestigated the effects of nano-TiO2 concentrations on the biochemical and morphophysi-
ological properties of dragonhead plants. The TiO: increases the growth and essential oil
in plants under water deficit stress. A formulation of nano-sized ZnO and CuO was
used as a fertilizer. The results showed that at different NP doses, root growth was re-
duced, while contrarily, at other levels, Zn NPs expanded lateral root formation whereas
Cu NPs induced proliferation and elongation of root hairs close to the roots of wheat
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seedlings under simulated drought stress [41]. These responses typically occur when the
roots are colonized by a beneficial bacteria isolated from wheat roots grown in calcare-
ous soils under dryland farming conditions.

It has been observed that ZnO and CuO NPs exhibited protection against drought
stress in different plants [41]. This protection may be induced by the enhanced genera-
tion of lateral root hairs which resulted in proper water absorption. Enhanced cell wall
lignification in mustard and Arabidopsis under CuO may alter water flow, thereby lim-
iting cell wall elongation. The response of plants to drought stress is an increase in ligni-
fication. The disruption of water flow occurs due to the binding of copper ions to the
pectin of the cell wall [42]. Some notable results were found in some studies, such as in-
creased seed germination and antioxidant content after barley, soybean, and maize were
treated with carbon nanotubes (CNTs) [43]. CNTs can induce root and shoot growth in
wheat plants. Various major efforts have been conducted over the past few decades to
reduce the effects of drought stress on plant quality and productivity. We further sug-
gest that fullerenol (FNPs) NPs with molecular formula C60(OH)24 may help alleviate
the effects of drought stress and provide additional water supply between plant cells.
Precisely, nanofullerenols (FNPs) can enter the root and leaf tissues of plants, where they
can bind water molecules in various parts of the cell. This water absorbing FNP activity
further suggests that FNPs may be useful for plants [44,45]. The results of this study by
Borisev et al. [44] further demonstrated that foliar application of nanofullerenol could al-
ter intracellular water metabolism in drought-stressed plants. Under drought stress, the
content of the permeate product proline in plant roots and leaves was significantly in-
creased. These results further suggest that FNPs could also function as a binder for in-
tracellular water, thereby generating additional water reserves, and allowing them to
adapt to drought stress. Ag NPs are the most used NPs in research experiments [46].

In plants, NPs target the cellular organelles and release various contents [8], thus
modulating the activity of antioxidants enzymes, i.e.,, SOD, CAT, and POD [47]. This ef-
fect was exhibited by incremented SOD activity in plants under TiO: NP application
[48]. In agriculture, certain elements, along with oxides as NPs, have been used for in-
cremental resistance against drought stress. Si NPs have been used extensively for ame-
liorating the negative impacts of various abiotic stresses including drought [49]. The im-
provement in growth, physio- and biochemical characteristics has been observed upon
treatment with silica and ZnO NPs on different crops [35]. Similarly, Si NPs ameliorated
drought stress on wheat plants [50]. Similarly, ZnO NPs reduced the negative impact of
salinity and drought stress on plants [51]. It has been observed that excessive NP appli-
cation led to a generation of oxidative stress, i.e., leading to cell cycle arrest, pro-
grammed cell death, protein regulation, and induction of antioxidant enzymes [52],
whereas NP-treated plants exhibited significant reductions in MDA levels along with
free radicals, i.e,, H2O2 and Oz, under drought conditions. However, it was also ob-
served that TiO:z application enhanced antioxidant enzyme activities, i.e., POD and CAT,
whereas MDA levels were reduced due to the induction of the plant’s antioxidant sys-
tem [27].

Under drought stress, the level of anthocyanin in plants exposed to CuO NPs con-
tinued to increase, and the level of proline was also shown to increase under drought
stress. Wheat roots treated with CuO-treated NPs exhibited a greater accumulation of
free radicals, consistent with plants responding to the challenge of NP-induced ROS
bursts. Elevated ROS levels, further suggesting that drought stress triggers a conse-
quence of elevated ABA, may lead to transcriptional changes that lead to tolerance. The
amplification of various antioxidant enzymes (GR, SOD, GPX, APX, and CAT) in plants
suggested that foliar application of fullerenol (FNPs) NPs with molecular formula
C60(OH)24 might have some valuable effects on mitigating the oxidative effect of
drought stress, which further depends on the concentration of NPs applied [43]. The ex-
act mode of action and physiological mechanism of FNPs on plants needs to be further
studied.
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3.1.2. Molecular Aspect

Transcriptomic and proteomic approaches have deeply investigated the effects of
NPs on different plant species at the molecular level. Morphological and physiological
effects have been reported to largely depend on the dose used, as well as the type, size
and shape of NPs [53,54]. Expression of the P5CS gene leads to increased plant tolerance
to different environmental stress conditions, including biotic and abiotic stresses, since
this gene encodes proline biosynthesis. MAPK2, a member of the MAP kinase gene fami-
ly, plays an extremely important role in regulating phytohormones and antioxidant pro-
tection mechanisms in response to different stress environments [54] in combination
with Ca21 and ROS. AREB/ABF are transcriptional regulators necessary for the regula-
tion of the AREB gene encoding abscisic acid, and are critical in stimulating resistance to
stressful environments such as drought and salt stress [54,55]. Downregulation of the
ZFHD gene reduces the negative effects of salt and drought stress and is controlled by
the abscisic acid biosynthesis pathway. On the other hand, downregulation of the TAS14
gene reduces osmotic pressure and enhances solute aggregation, including K1 and sug-
ars, making plant species more resistant to drought and salt stress [54]. Application of
Ag NPs (5 and 10 mg/L) to rape plants modulated the metabolic pathways of glucosin-
olate and phenolic related genes, which are also associated with biotic and abiotic stress-
es, and inhibited carotenoid genes [56]. Downregulation of the ZFHD gene reduces the
negative effects of salt and drought stress and is controlled by the abscisic acid biosyn-
thesis pathway. The use of Ag and Agl NPs on Arabidopsis plants resulted in overex-
pression of oxidative stress and metal response-related genes, and downregulation of
ethylene and auxin-related genes [54]. Three of these genes overexpressed by Ag NPs
are involved in the biosynthesis of thalianol, which is thought to contribute to a plant’s
antioxidant protection mechanism. The response of different NPs against drought stress
conditions is summarized in Table 1.

Table 1. Impact of NPs on plants under drought stress.

NPs Plant Effect References
ZnO Triticum aestivum L. EIThanced plant grOWt,h and [57]
mineral content in grains.
B NPs, Si0: Enhanced protein contents
NPs and Zn Triticum aestivum L. . P [58]
and mitigates drought stress.
NPs
Enh d yield and lio-
ZnO NPs Zea mays L. nhanced yie'd and ametio [59]

rated antioxidative behavior.
Upgraded the protective
Nano-Cu NPs  Zea mays L. mechanism of maize under [60]
drought conditions.
Tanacetum Improved water and phos-
Nano-Si NPs . phorus absorbing capabili- [61]
parthenium L. .
ties and general growth.
Enhanced ascorbic acid and

free phenols conc. along with

ZnO NPs Solanum lycopersicum the ameliorated activity of [62]
antioxidative enzymes.

Cu, Fe and Zn Glycine max (L.) Merrill Upregulated expression of [39]

NPs drought-sensitive genes.

4. Temperature

Since the turn of the century, the earth’s average temperature has risen [63]. Global
warming can adversely affect the environment because of the increase in the tempera-
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ture of the earth. In climates where temperatures exceed the ideal range, crops begin to
yield less. Extreme climate change can cause high temperatures and drought, causing
severe damage to agriculture and posing a threat to tree populations [64]. NPs are
sourced from heavy metals which can cause environmental degradation by their toxic
effects on soil, water, and plant resources [65,66]. The primary translocation of NPs from
soil to plant body occurs through lateral roots. The NPs travel within xylem tissues and
reach the whole plant body [52]. The translocation depends upon the size of the NPs.
The contrastingly positive effect of NPs in mitigating abiotic stress has also been report-
ed. Different NPs for field applications such as nano-agrochemicals have been used to
increase agricultural productivity. Temperature extremes negatively affect plants” phys-
iological and molecular mechanisms [63,67].

4.1. NPs Mitigate Temperature Extremities in Plants

NPs play a pivotal role in plants under stress, which could help them tolerate abiot-
ic stresses, especially temperature stress [68,69]. Plant growth and hydration were in-
creased when nanoparticles were applied in different concentrations to reduce the ef-
fects of heat stress [70]. Plants exhibit antioxidative properties when NPs are applied at
low concentrations, but suffer from oxidative stress when NPs are at high concentra-
tions. Molecular chaperones and heat shock proteins are synthesized by plants under
heat stress. A heat shock protein assists other proteins in maintaining their stability in
stressful conditions, as well as being involved in heat stress resistance. In addition to up-
regulating the gene expression of heat shock proteins, such as HSP90, multiwall carbon
nanotubes also contribute to heat shock protein biosynthesis [63]. In maize, CeO: nano-
particles cause H20:2 to be generated excessively and HSP70 to be upregulated. By regu-
lating stomatal opening, NPs reduce the effects of heat stress [71].

4.1.1. Physiological and Biochemical Aspect

The adverse effect of cold and heat stress on plant growth and physiology are well
documented. Through the application of NPs under stress conditions, plant growth and
functioning can be maintained. The application of biological selenium NPs at 100 pg/mL
increased plant productivity by improving plant growth, photosynthetic rate, and gas
exchange at elevated temperatures [72]. In mungbean, Kareem et al. [73] reported that
the application of nano-ZnO NPs at elevated temperature increased chlorophyll activity,
gas exchange parameters, and enzymatic balance, which resulted in an increase in pod
number, size, and total grain yield. In wheat seedlings under heat stress, the application
of ZnO and TiO: improved membrane stability and antioxidant defense mechanism both
in root and shoot parameters [74]. The ability of nano-ZnO NPs to regulate osmatic po-
tential and reduction in thylakoid damage by activating antioxidant defense, ensured
higher plant production. ZnO NPs have also been associated with cold tolerance in rice;
its application reduced oxidative stress, improved photosynthetic activity, and increased
root, shoot length, and dry mass [75]. The application of NPs (nSiOz, nSe, nZnO, GNRs)
to sugarcane, mitigated cold stress by increasing chlorophyll content which improved
the photosynthetic rate and negated the impact of gas exchange parameters and oxida-
tive activity [76]. NP application helps plants to maintain ion concentration which con-
sequently results in membrane stability and osmotic regulation. The ability to maintain
water and nutrient transport under stress conditions increases plant vegetative produc-
tivity. The prevention of enzymatic oxidative stress under stress conditions also ensures
production. The production of enzymatic anti-oxidizers, i.e., SOD, POD, CAT, APX,
stimulated by the application of NPs counter the oxidative stress under heat and cold
stress conditions. However, the concentration of NP application is of utmost importance,
because at higher levels, the toxicity caused by NPs can be very harmful [77,78]. The
physiological, morphological, and genetic modifications responsible for cold and heat
stress tolerance in response to nanoparticle application will also be highlighted (Table 2).
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Table 2. Impact of NPs on plants under temperature stress.

NPs

Stress Plant Effect Reference

Ag NPs (50, 75 mg/L)

ZnO and TiO2(1.5 and 10
ppm)

TiO2 (2, 5 ppm)
TiO:

Zn NPs, Fe NPs

ZnO NPs (10 ppm)

ZnO NPs

chitosan CH NPs

Heat stress
(35-40 °C for 3Triticum aestivum L.
h/day)

Improved plant morphological char-

.. [79]
acteristics.

Improved plant morphology and an-

Heat st 32
eat stress ( Triticum aestivum L. tioxidant defense system (SOD, GPX),[74]

Chilling stress Musa acuminata var.
(5 °C for 72 h) Baxi

°C

) reduced H202 content.

Sold stress 4 Cicer arietinum L. Allt.eviated membrane damage index- [80]
C es, improved redox status.

Cold stress 4 . L Reduced H202 content, increased

o Cicer arietinum L. . L. [81]
C photosynthetic activity.

I d yield and antioxidant en-
Heat stress  Triticum aestivum L. fproved yleld and antioxadant en [82]

zymes activity.
Improved biomass, photosynthetic

Heat stress  Triticum aestivum L. pigments, soluble sugars, protein and [83]

indole acetic acid (IAA) content.
Stimulated plant growth, reduced

Chilling stress Oryza Sativa L. oxidative stress and gene expression [75]

of the antioxidative system.

Stimulated growth, nutrient content,
photosynthesis and antioxidant en-  [71]
zyme activities.

Plants are affected by heat stress in several ways, including growth, development,
physiological processes, and yield. The excessive production of reactive oxygen species
(ROS) in plants because of high temperatures results in oxidative stress [84]. Enzymes
are required for different metabolic pathways, and their sensitivity to temperature var-
ies. In response to heat stress, enzymes may become uncoupled from metabolic path-
ways, resulting in the accumulation of ROS, which primarily include singlet oxygen
(102), superoxide radicals (O2), hydrogen peroxide (H202) and hydroxyl radicals [85].
Application of NPs help plants to improve their defense systems against high tempera-
ture (Table 2). ZnO and TiO: help to improve defense by production of SOD, GPX, and
reduced H202 content in plants. Application of nanoparticle TiO: reduced Hz0: content
and increased photosynthetic activity [81]. Under high temperature stress, Zn NP and Fe
NP application improved the antioxidant enzyme activity in plants [86]. TiO: also im-
proved the PSII activity in plants under mild high temperature stress [87].

4.1.2. Molecular Aspect

Regulation of plant stress response, as mediated by expression of genes and conse-
quently enzymes and protein production, directly influences productivity in agricultural
crops. Many genes, transcription factors and proteins are responsible for heat and cold
stress tolerance. The stimulation of expression, either downregulation or upregulation,
has direct consequence on plant survival. In rice, foliar application of ZnO NPs induced
the chilling-induced gene expression of the antioxidative system (OsCu/ZnSOD1, Os-
Cu/ZnSOD2, OsCu/ZnSOD3, OsPRX11, OsPRX65, OsPRX89, OsCATA, and OsCATB) and
chilling-response transcription factors (OsbZIP52, OsMYB4, OsMYB30, OsNACS,
OsWRKY76, and OsWRKY94) in leaves of chilling-treated seedlings [75]. In soybean
seedlings, ZnO NPs transactionally upregulated the EREB, R2ZR3MYB, HSF-34, WRKY1,
MAPK1, HDA3, CAT genes which consequently increased photosynthetic pigments, pro-
line concentration, antioxidant enzyme activity and plant yields [88]. A transcriptome
study found that (50 nm) Cu-based NPs modulated genes that respond to oxidative
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stress, brassinosteroid biosynthesis, and root formation [89]. Cu nanoparticles of 40 nm
size were studied for their ability to accumulate secondary metabolites (acetyl glucosa-
mine, phenyl lactate, 4-aminobutyrate) that are involved in cell signaling and defense re-
sponses. Flavonoids, fatty acids, riboflavin, and amino acids were all shown to be de-
graded in metabolites involved in synthesis and defense responses [90]. In wheat seed-
lings, the application of silicon rather than Si NPs was observed to induce overexpres-
sion of TaPIP1 and TaNIP2 aquaporin genes at heat stress, which increased relative wa-
ter content [91]. Arabidopsis thaliana seedlings grown under ZnO NPs and subjected to
heat stress (37 °C) significantly enhanced heat stress-induced alleviation of TGS-GUS
genes [92]. Nano-anatase increased Rubisco activase (RCA) mRNA concentrations and
activity, resulting in improved Rubisco carboxylation and high photosynthetic carbon
production rates. In maize seedlings, at root tips, the application of lanthanum oxide
(La20:s) affected the expression of aquaporin genes such as TIPs, PIPs, SIPs and NIPs [93].
Different NPs are associated with up- and downregulation of many cold and heat stress
inducive/regulatory transcription factors and genes. The upregulation of heat and cold
stress regulating genes and transcription factors improves plant stress tolerance which
enables plant physiological, molecular and biochemical modifications.

5. Salinity

To achieve sustainable crop production, research communities need to address soil
salinity. Approximately 20% of cultivated land across the globe is under salinity threat,
and this number is growing. The term saline soil refers to soil with a concentration of
water-soluble salts greater than 4 dS m-1. With increasing urbanization and rising glob-
al food demand, farming is shifting to drier or marginal fields, leading to a reduction in
land area and water input necessary to produce more food. Plants are typically affected
by salinity stress through decreased soil osmotic ability, nutritional imbalances, and an
increase in basic ionic toxicity (salt stress) [94]. According to Khalid et al. [95] and Ah-
med et al. [96], plants’ responses to salt stress are quite complex (e.g., osmotic regulation,
ion compartmentation and/or exclusion, toxic ion uptake, ROS generation, and electron
transport during photosynthetic photosynthesis). It is important to note that plant re-
sponses to stress are influenced by several factors, including type, concentration, and
genetic potential of the solute, as well as type and severity of the stress [97].

In addition, plant cells respond differently to salinity stress depending on the type
and dose of salt. Molecular, biochemical, and physiological pathways are modulated by
plants to protect themselves against salinity stress [98]. lon haemostasis, antioxidant
regulation by enzymes and non-enzymes, compatible solute accumulation and osmotic
protection, hormonal regulation, changes in gene expression for stress resistance, and ni-
tric oxide regulation, are some of these mechanisms [99]. Salt-tolerant plants, as well as
the development of salt-resistant crop varieties, can help solve the problem of declining
global food production by allowing farmers to breed salt-tolerant plants and develop
salt-resistant crops. The conventional breeding method of inter-specific or inter-generic
hybridization has had limited success in improving crop plants’ stress tolerance. In re-
cent studies [100], various strategies have been developed to minimize the negative ef-
fects of salinity on plants. As an effective tool for improving growth and survival under
salinity stress, NPs have garnered much attention in recent years [46].

A variety of developmental stages are affected by the application of NPs, both posi-
tively and negatively [101]. It has been demonstrated in different studies that NPs have
beneficial effects on plants under salinity stress [101,102]. A variety of profound effects
have been observed on the morphological, physiological, and biochemical properties of
plant species by NPs. It has been reported that NPs can manipulate the responses of
plants to salinity, as they affect hormonal concentrations, antioxidant enzyme activity,
ion homeostasis, gene expression, and defense system functions [101,103]. In addition to
size, shape, and concentrations of NPs applied, these effects might also vary under dif-
ferent environmental conditions or between different plant species [103]. Based on the
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concentrations and properties of the NPs [101], a variety of reports have described the
toxic and negative effects of high concentrations of NPs in plants, that vary between
plant tissues, growth stages, and species. As a result, NPs’ interference with various
metabolic activities can be determined by their concentration, size, method of applica-
tion, uptake by plants, properties, reactivity, and translocation into different tissues.
Paramo et al. [104] have demonstrated toxic effects and beneficial effects on various
metabolic activities.

5.1. NPs Mitigate Salt Stress in Plants

Plants absorb NPs through a variety of routes, primarily through roots and leaves.
A second study from Khan et al. [105] suggested that NPs affect plant morphology, bio-
chemical and physiological states, as well as molecular functions after they enter the
plant. These interactions are either positive or negative, depending on the nature of the
NPs and the plant species. According to Paramo et al. [104] and Tripathi et al. [106], NPs’
chemical nature, reactivity, and size could influence plant responses to NPs. Zulfigar
and Ashraf [101] demonstrated that NPs can promote plant growth and development in
salt-stressed conditions. NPs enhance the salinity tolerance in plants in different ways,
as shown in Figure 3.

| lon transport activity |

| Nitric oxide production |

| Toxic ion exclusion |

ABA production |

Figure 3. Nanomaterials can help plants mitigate the negative effect of salinity.

5.1.1. Physiological and Biochemical Aspect

Photosynthesis is one of the processes most affected by salinity stress, depending
on the type of plant, the salt dose, and other factors [107]. Plants can synthesize more
complexes for light harvesting by foliar application of NPs, which leads to increased
photosynthesis and light absorption. Several studies indicate that NPs significantly in-
crease chlorophyll content in plants [70]. Most of the NPs available were found to in-
crease photosynthesis by increasing the content of photosynthetic pigments in salinity-
stressed plants, according to various studies that examined their effect on salinity-
stressed plants [108,109]. Different parts of the cell contain manganese (such as mito-
chondria, chloroplasts, enzyme structures, etc.) which is also responsible for enhancing
photosynthetic electron transport rates and oxygen evolution. Under abiotic stress, Mn
NPs are also capable of maintaining optimal photosynthesis rates [110]. A study report-
ed that Mn supplementation improved the membrane stability index, chlorophyll con-
tent, and nitrate reductase activity in Vigna radiata plants under salinity stress condi-
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tions [111]. Previous research has shown that the application of Cu to maize plants re-
duces the negative effects of salinity on water relations and photosynthesis [112].

The effects of NPs on absorption, translocation and eventual allocation of nutrients
may play an imperative role in improving plant nutrition [113]. The high ratio of potas-
sium to sodium, which is disrupted by salinity stress, has been reported to be one of the
most critical factors for plant resistance to salinity stress. Plant growth under salinity
stress can be improved by adding NPs to the plant and, as a result, increasing the osmot-
ic potential within the plant [114]. According to Farhangi-Abriz and Torabian [115],
nano-SiO2 enhanced soybean seedling growth under salt stress by increasing leaf K+
concentration. According to Perez-Labrada et al. [116], foliar application of Cu NPs en-
hanced tomato plant growth performance and Na+/K+ ratio after salt stress. Tra-
chyspermum ammi plants were also found to be less sensitive to salinity stress by using
Fe2Os NPs. Using pepper plants under salinity stress, Ye et al. [110] investigated the ef-
fects of Mn NPs on the growth of pepper plants.

The production of ROS by plants in response to abiotic stresses, including salinity
stress, is well known, and plants develop antioxidant enzymes to deal with excessive
ROS in salinity stressed-plant cells [117]. Many studies have demonstrated that NPs in-
crease antioxidant enzyme levels [118,119]. NPs have antioxidant properties, so they
help plants overcome the conditions created by oxidative stress. In fact, Co, Fe, and Ce
NPs are similar to enzyme catalase (CAT), while Ce, Mn, Cu, and Fe NPs are similar to
enzyme peroxidase (POD). It was found by Wu et al. [120] that ROS-NSCC'’s activity can
enhance the scavenging of ROS in Arabidopsis plants treated with cerium. Pearl millet
(Pennisetum glaucum L.) was primed with 10 mM, 20 mM, and 30 mM Ag NPs under
salinity stress (0, 120, and 150 mM NaCl) by Khan et al. [105]; these NPs significantly in-
creased growth characteristics in this plant, which was attributed to increased antioxi-
dant enzymes such as SOD, CAT, and glutathione peroxidase (GPX), and decreased so-
dium to potassium ratio. Ag NPs in low concentrations have also been reported to im-
prove antioxidant enzyme activity by Sami et al. [121]. NPs of TiO: were tested on Dra-
cocephalum moldavica under salinity stress (0, 50, 100, and 200 mM NaCl) at concentra-
tions of 0, 50, 100 and 200 mg/L. A concentration of 100 mg/L of TiO2 NPs decreased the
concentration of H20: and increased the antioxidant content [122].

5.1.2. Molecular Aspect

The molecular events that occur in the plant determine its biological functions. It is
imperative to evaluate potential mechanisms, and the effects on plants at the molecular
level as influenced by NPs, which has been accomplished [70]. NPs cannot be effective
without interfering with cellular processes and gene expression. This is because salinity
stress affects gene expression which then affects plant growth by altering gene expres-
sion in various parts of the cell products. In NP-mediated root growth, miR164 expres-
sion is decreased, which is related to auxin hormone signaling. As a result of increased
miR169 expression and decreased miR167 expression, lateral roots can be produced, and
flowering can be accelerated [123]. A foliar application of Zn NPs on rapeseed plants
(Brassica napus L.) under salinity stress reduced the expression of some genes, such as
SKRD2, MYC and MPK4, and increased the expression of other genes, such as ARP and
MPK associated with physiological and hormonal responses and transcription factors,
and MYC and SKRD2 which are involved in abiotic stress tolerance in plant cells [124].
As a result of the application of Si NPs to Cannabis sativa L., the plant’s growth and mo-
lecular changes improved under salinity stress conditions [125]. In tomato plants sub-
jected to salinity stress, proteomics analysis showed that Si affected genes involved in
light-harvesting complexes, cytochrome b6f (Cytb6f) and ATP-synthesizing complexes.
Siddiqui et al. [49] showed that this element was also involved in increasing the expres-
sion of OsNAC protein, which effectively responds to stress.

6. Heavy Metals
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Rapid industrialization in recent decades has significantly increased the pressure on
the global environment with excessive emissions of greenhouse gases. There are grow-
ing concerns about worsening global environmental conditions with an increase in
droughts and water scarcity. Heavy metal pollution from the industrial sector and the
continued development of urbanization threaten the ecosystem and human health [126].
Climate conditions are constantly under threat, and the challenges of a growing popula-
tion ensure the difficulty in achieving food security in the 21st century.

The agriculture sector is constantly facing a challenge dealing with heavy metal de-
posits in soil due to rapid industrialization activities such as mining and tanneries. Agri-
cultural practices of using excess fertilizers and pesticides have caused negative envi-
ronmental and human impacts with the release of toxic chemicals and heavy metals in
the air, water, and soil. Heavy metals in soil are hard to degrade, easily transferable, and
highly toxic to the environment and human health, making it one of the most topical is-
sues. Natural soil composition is adversely affected by heavy metals. The agro-biological
systems of the plant are mainly damaged by chromium, cadmium, nickel, mercury, lead,
and copper [127]. Heavy metals, due to their oxidative states, can be highly reactive and
cause changes at the molecular and cellular level, including modifications in the physi-
ology of the plant with the deactivation of enzymes and protein denaturation, along
with replacing necessary metals and destroying membrane. These variations restrain
photosynthesis and alter the enzyme activity of the plants [128].

Heavy metals are transported through the plasma membrane with other required
nutrients with the help of metal carriers in the plant cell. Heavy metals are absorbed
through the plant roots and exhibit different accumulation methods. Some plants accu-
mulate heavy metals in their root tissues, preventing the flow to the aerial system, re-
sulting in adequate plant growth and development. Other plants absorb heavy metals
from the roots, which are moved to the shoot, and finally stored in leaves [129]. The ca-
pacity of the plant to transport the heavy metals depends on the physiological condition,
vacuolar compartmentalization, and antioxidative defense system. The accumulation of
metals in leaves is directly related to the atmospheric conditions. Depending on the
plant mechanism, some restrict the absorption or store them in separate components to
reduce the toxicity.

Heavy metals that are harmful to plants are cadmium, chromium, copper, lead,
mercury, and nickel. Each heavy metal poses a threat to plants in various ways. Water
uptake imbalance is caused by high levels of cadmium, lead, and copper [130]. Chlorosis
is caused by cadmium, copper, chromium, and nickel. The inhibition of metabolic activi-
ty is caused by cadmium, zinc, and chromium. Oxidative pressure and ROS generation
are caused by copper, mercury, and nickel. A decrease in photosynthesis is caused by
cadmium [131]. The harmful effect of these heavy metals is a common problem. The re-
lease of these is directly or indirectly due to industrial practices, which affects the food
chain and reduces productivity and food quality.

6.1. NPs Mitigate Heavy Metals Toxicity in Plants

There is an increasing interest in the use of NPs in different industries ranging from
medical treatments to the production of various products such as cosmetics and clothes.
With the increase in pollution of soil, water, and air, the use of NPs in remediation with
little to no harm to the environment, is gaining popularity. In comparison with bioreme-
diation, which is more time-consuming and microbe-dependent, and chemical remedia-
tion which depends on the kinetic rate of the reaction, nanoparticle remediation is highly
efficient, eco-friendly, and does not produce toxic by-products. Nanotechnology is gain-
ing popularity in various fields due to its sustainable competitiveness and coping capa-
bilities. The use of nanotechnology in agriculture is booming with the application of
nanofertilizers and nanopesticides [132].

6.1.1. Physiological and Biochemical Aspects
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NPs improve chloroplast pigments and photosynthesis rate, and maintain the
membrane stability in plants affected by heavy metals [133]. Hussain et al., [28] reported
the application of FeO NPs for the alleviation of the effects of cadmium (Cd) in wheat.
The Cd toxicity on the growth and yield were mitigated, and the morphological parame-
ters of the wheat along with photosynthetic pigments and dry biomass of the plant were
enhanced. The negative impacts of the Cd toxicity were restricted and the photosynthet-
ic rate and growth in plants were increased. Sardar et al. [134] reported similar results in
the remediation of Cd by nano-TiOz in coriander with reduced Cd content, diminished
oxidative injuries caused by Cd stress, and improved agronomic traits. The photosyn-
thetic rate and growth parameters were enhanced by the application of nano-TiO: in
soybean [135]. An increase in biomass of summer savory because of the reduction in Cd
stress was observed by the application of Si NPs by Memari-Tabrizi et al. [136]. Graphite
carbon nitride was synthesized to mitigate the effects of Cd in rice [137]; a substantial in-
crease in plant biomass and a notable reduction in Cd-induced toxicity were observed.

Different applications of NPs have been proven to remediate the oxidative stress in
plants by reducing MDA and H20O: content by regulating the antioxidant enzymes such
as SOD, CAT, guaiacol, and ascorbate peroxidases [138]. NPs reduce the mobility and
bioavailability of heavy metals by sticking to them, making them unavailable. NPs, due
to their size, can easily move through the cell wall, and having a high surface area to
volume ratio makes interacting with other molecules more accessible. The described
proposed mechanism further helps to elucidate our understanding about the strategies
utilized by NPs to alleviate heavy metal stress, as shown in Figure 4.

NPs restricts the
accumulation of heavy
metals in plant cell
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Maintain photosynthetic attributes
Enhance nutrients uptake

Limits heavy metals translocation

Figure 4. Interaction mechanism between NPs and heavy metals to mitigate heavy metal stress by
reducing translocation in plants.

TiO2 NPs of different concentrations were used to reduce the toxicity of Cd in maize
[139]. The toxicity was reduced with a high concentration of TiOz, which increased the
SOD and glutathione, and upregulated metabolic pathways. Hussain et al. [140] report-
ed the interaction of ZnO NPs on wheat for Cd alleviation. The Cd concentration was
decreased, with an increase in SOD and POD activities. The alleviation of Cd uptake in
soybean with nano-TiOz was studied by Singh and Lee [133]. Wang et al. [71] alleviated
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the Cd toxicity in brassica and increased the SOD, POD, CAT, and plant biomass by the
application of Cu NPs.

Accumulation rates of arsenic (As) and Cd in rice grains were observed with the
application of ZnO NPs to reduce the phytotoxicity [141]; significant decreases in As and
Cd accumulation in the plant were observed. A study conducted by Bidi et al. [142] ex-
amined the application of FeO NPs on rice plants, resulting in the strengthening of the
glyoxalase system and antioxidant enzymes; immobilization of As in the vacuoles and
the cell walls enhanced the accumulation of the chelating agents. Fe20s NPs restricted
the As uptake in vigna radiata [143]; total antioxidant capacity was enhanced, with an in-
crease in SOD and CAT and a decline in guaiacol peroxidase. Significant reduction in As
was observed by Wang et al. [144] with the application of CuO NPs in rice, with an in-
crease in plant biomass and antioxidant activity.

Lead (Pb) phytoremediation is highly critical due to the Pb toxicity and complex
phytoextraction. Mediation of Pb in coriander was reported by Fatemi et al. [145], with
different concentrations of Si NPs. Pb stress decreased the plant biomass and vitamin C,
and increased flavonoid. The adverse effects of Pb toxicity were reduced with elevated
antioxidant enzyme activity. A significant increase in ryegrass biomass affected by Pb
toxicity was observed by the application of nano-hydroxyapatite, by Jin et al. [146].
Chromium (Cr) phytotoxicity reduces growth in plants, with the reduction in photosyn-
thetic pigments and chlorophyll fluorescence [147]. Increased antioxidant activity was
observed with the application of Si NPs, with reduced Cr accumulation and oxidative
stress, and improvement of the defense system and nutrient elements. Lopez-Luna et al.
[148] reported the use of citrate-coated magnetite NPs in wheat to study the effect on Cd
and Cr. A substantial increase in root length was observed, with the accumulation of the
heavy metals reduced and toxicity alleviated (Table 3).

Table 3. Impact of NPs on plants under heavy metal stress.

Plant Species NPs Heavy Metal = Treatment Reference
Decreased Cd toxicity, improved

Wheat (Triticum aestivum) FeO Cd growth, yield, and chlorophyll con- [28]
tent.

Rice (Oryza sativa)

Maize (Zea mays L.)

Coriander (Coriandrum sa-
tivum L.)

Wheat (Triticum aestivum)

Pea (Pisum sativum)

Soybean (Glycine max)

Corn (Zea mays L.) and
broad bean seed (Vicia faba)

Cabbage (brassica)

Rice (Oryza sativa)

710 Asand Cd Pecreased Cd and As concentration [141]
in roots, shoots, and leaves.
Decreased Cd concentration in

TiO:2 Cd leaves and shoots, and increased [139]
antioxidant enzyme activity.

Increased plant growth and reduced

5t Pb Pb toxicity. [143]
Decreased electrolyte leakage and

ZnO Cd increased antioxidant enzyme activi- [140]
ty.

Si Cr De.creased Cr .phy.tot0x1c1ty, accumu—[ 147]
lation, and oxidative stress markers.

TiO» cd Increased photosynthetic rate [135]
and growth.

Cr, Co, Pb, Cd, Decreased heavy metal toxicity
MgO and Ni and enhanced plant growth. [149]
Cu cd Increased photosynthetic rate, [71]

SOD, POD, and CAT.
Reduced As accumulation,

FeO As increased Fe uptake, and restored ~ [142]
photosynthetic pigments.
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Summer savory (Satureja
hortensis L.)

Mung bean (Vigna radiata)

Rice (Oryza sativa)

Wheat (Triticum aestivum)

Ryegrass (Lolium Perenne L.)Hydroxyapatite Pb

Pea (Pisum sativum)

Rice (Oryza sativa)

Rice (Oryza sativa)

Coriander (Coriandrum sa-
tivum L.)

Decreased Cd accumulation, and
Si Cd improved plant growth, total [136]
phenolic, and total flavonoid.
Fex0s As Reduced As uptake and toxicity. [143]
Decreased As toxicity and uptake in
roots.

Cu As [150]

Increased plant growth, and Cd and
Magnetite Cd and Cr Cr accumulation and toxicity allevi- [148]
ated.
Increased plant biomass and Pb re-

[146]

moval rate.
Reduced Cr accumulation and oxi-
Si Cr dative stress, and improved the de- [147]

fense system and nutrients element.
Graphite carbon Elevated nitrogen content and

o Cd o . .

nitride minimized Cd-induced toxicity.
Increased glutathione and phyto-
chelatins, reduced As toxicity, and
improved plant growth and toler-

[137]

Si and TiO2 As [151]

ance.
Diminished oxidative injuries and

TiO:2 Cd enhanced biosynthesis of proline [134]
and yield.

6.1.2. Molecular Aspect

The interaction of heavy metals affects the plant system mechanically and chemical-
ly, and these interactions are dependent on the plant species since each species has a
specific defense mechanism to deal with stress. Cong et al. [152] reported the influence
of Si NPs in reducing the uptake and toxicity of Cd in rice. Si NPs repress the genes re-
sponsible for the transportation and uptake of Cd from root to shoot which were found
as low-affinity cation transporter (LCT1) and natural resistance-associated macrophage
protein 5 (NRAMPS5). The transport of Cd into the vacuoles gene, heavy metal ATPase 3
(HMA3), and silicon uptake gene, low silicon rice 1 (LSI1) are upregulated. The applica-
tion of Si NPs increases the uptake of silicon from roots and inhibits the Cd uptake. Ah-
med et al. [153] found the Cd transporter gene, such as OsHMA?2 and OsHMA3, respon-
sible for heavy metal transport, and OsLCT1 responsible for Cd translocation in the xy-
lem and phloem. The application of FeO NPs and hydrogel NPs significantly reduced
the expression of all three genes in rice. The natural resistance-associated macrophage
protein (NRAMP) gene family is responsible for the transport of heavy metals in plant
species such as rice, potato, pepper, tomato, Arabidopsis, and soybean [154]. Si NPs
treatment downregulated the Cd uptake and transport genes, which improved wheat
growth and alleviated the heavy metal stress [155]. Nanoscale zero-valent iron (nZVI)
has been reported to alleviate the accumulation of heavy metals in plants and promote
plant growth by downregulating genes (IRT1, IRT2, YSL2, YSL15) responsible for the up-
take of iron and cadmium [156].

7. Nutrients Imbalance

Mitigating the risk of hunger and improving food security is a complex issue, with
increasing challenges of rising population leading to higher food demand, contributing
to food insecurity and climate change. Currently, modern agriculture feeds 6 billion
people, and with our estimated population to reach up to 9.8 billion by 2050, a 70% in-
crease in food production is required to cope with the global population. Macronutrient
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and micronutrient deficiencies impact the sensitivity of plants to abiotic stresses [157].
Commercial fertilizers are the most significant product used to provide extra nutrients in
the soil for plant growth and development. The use of fertilizers in high concentration,
due to their adequate efficiency, leads to crop damage, groundwater contamination, and
soil degradation, which leads to poor product quality [158]. Moreover, fertilizers are lost
due to irrigation, depending on the soil characteristics and traditional agriculture prac-
tices. An estimated 40-70% nitrogen, 80-90% phosphorus, and 50-60% potassium of the
fertilizers used are lost to the surrounding environment [159]. Commercial fertilizer use
is estimated to exceed 200 million tons to meet 3 billion tons of annual crop production.
The reliance on commercial fertilizers is not a sustainable process to meet crop produc-
tion demand [160].

Many effective approaches, such as the use of nano-fertilizers (NF), are being prac-
ticed to reduce the loss of nutrients and soil and groundwater contamination. NFs are
coated with nanomaterials which control the release of nutrients depending on the
plant’s requirement, and increase the nutrient use efficiency [35]. Nanotechnology is
widely used in agriculture practices with nanoparticles or nanocapsules through slow-
release fertilizers (SRF) or controlled-release fertilizers (CRF). In SRFs, the nutrient re-
lease is slower than normal, however, the rate of release is controlled. In contrast, CRFs
are fertilizers in which the rate of release is controlled through preparation [161]. SRFs
are slightly soluble in water and can be broken down by microbial activity, whereas
CRFs are coated with nanomaterials which maintain the diffusion in a certain manner.
High nutrient uptake by plants and reduced nutrient loss indicate a higher nutrient use
efficiency [162].

Physiological and Biochemical Aspect

ZnO NPs increase the germination, root length, and leaf area in Solanum melongena
L., with a range of doses, as reported by Thunugunta et al. [163] (Table 4). Wang et al.,
[148] reported the application of Cu NPs in Spinacia oleracea L., with an increase in the
fresh biomass and photosynthetic rate. Rathnayaka et al., [164] reported the application
of nanonitrogen in Oryza sativa L., resulting in an increase in the number of tillers per
plant, an increase in height, and dry biomass. The application of hydroxyapatite on Lac-
tuca sativa L. resulted in an increase in phosphorus content in plants and an increase in
dry biomass0 [165]. Asgari et al. [166] reported the use of nanopotassium in Arachis hy-
pogaea L, resulting in an increase in shoot length, stem diameter, yield, and the number
of flowers per plant. Ahmed et al. [167] reported an increase in antioxidant activity with
the application of Cu NPs in Solanum lycopersicum L. Liu and Lal [168] reported reduced
ROS activity in soybean with the application of nano-apatite.

Table 4. Effect of different NFs and NPs on different crops.

Plant Species NFs/NPs Treatment Reference
Increased germina-
Solanum melongena L. ZnO NPs tion, root length, and [163]
leaf area.
Solanum lycopersicum Cu NPs Increased antioxidant [167]
L. content.
Increased fresh bio-
Spinacia oleracea L.~ Cu NPs mass and photosyn- [144]
thetic rate.
I hl hyll
Pisum sativum L. Fe NFs nereased chlorophyll , (o)
content.
High inati
Cicer arietinum L. FeS2 161 setmination [170]
rate and crop yield.

Oryza sativa L. Nano-nitrogen Increased tiller, [164]
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height, and dry bio-
mass.
Increased phosphorus
Lactuca sativa L. Hydroxyapatite content and dry bio- [165]
mass.
Increased plant
Arachis hypogaea L~ Nano-potassium growth and number [166]
of flowers per plant.
Triticum aestivum L.~ Nano-5i02 Increased Water con- [171]
tent and yield.
Soybean Nano-apatite Reduced ROS. [168]

8. Conclusions

It has been shown that nanomaterials currently have the potential to improve the
abiotic stress tolerance of plants, as NPs display a moderately broad spectrum of actions
(increasing water uptake in seeds, metabolism of starch reserves, stimulation of photo-
synthesis, alteration of phytohormone levels, modulation of oxidative stress or affecting
nutrient absorption). However, most research has been conducted to understand one
type of stressful condition. Future research needs to focus on more realistic stress condi-
tions in real scenarios. The beneficial effects of NPs on plant health have been demon-
strated by many studies; however, an exact understanding of the molecular mechanisms
underlying the increased plant tolerance remain unclear. Khalid et al. [172] and Bansal et
al. [173] also reported that, to enhance crop tolerance, the use of nanoparticles is one of
the major strategy. Therefore, further studies are needed to determine how NPs affect
the antioxidant system of plant cells, thereby improving plant tolerance to various
stresses. Such an understanding may aid in the design of future smart NPs that help re-
duce stress and ensure sustainable agricultural production.

The field application of many of the prepared new substances is still extremely lim-
ited due to changes in environmental conditions, soil types, plants to be treated, and
most importantly, the physicochemical properties of the new metallic/nonmetallic sub-
stances. Limiting factors associated with field applications include toxicity and accumu-
lation of NPs in crop plants. Future research on assessing the toxicological effects on
model microorganisms, flora, and animals, is critical to enable field applications of nano-
technology. However, further research is needed to uncover the relevant mechanisms.
Nanotechnology has also enabled plants to develop abiotic stress tolerance, but this has
largely been demonstrated only at laboratory scale in the past few years. We urgently
need to discuss and set up policies and regulations that are widely accepted, to facilitate
the adoption of nanotechnology-enabled abiotic stress tolerance in agricultural produc-
tion. Furthermore, more research needs to be conducted to investigate how nanomateri-
als may affect plants under abiotic stresses from the viewpoint of source-sink regulation.
It would be useful to study the effects of foliar-sprayed nanomaterials on the sink capac-
ity of plants. Overall, we believe that nanotechnology has an overly critical role to play
in ensuring a sustainable agriculture community.
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